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ABS TR A C T

This annual r epor t  is a s u m m a ry  of the r e s e a r c h  conducted by

the Life Sciences Divis ion of Technology Incor porated for  the School

of Aerospace Medicine at S A M/ R A L , Brooks Ai r  Force  Base , Texa s ,

under Contract F41609-73-C-0017 dur ing the year 15 February 1973

to 15 February 1974.

This report  is divided into two par ts , bo th of which a re  concerne d

with r e sea rch  on the ’ ocu la r hazards  of laser  i r r a d i a t ion . Par t I deals

wit h radiat ion in the visible wavelength range . It contains:  a com-

p le ted stud y on the size of retina l lesions induced b y l a se r  l ig ht as a

func tion of the laser  beam parameters ;  a stud y , p a r t ial l y com ple t e ,

of the wavelength dependence of threshold retinal damage;  two s tudies

iri pro g ress  on hi s tolo g ical resul t s ;  and an appendix on laser  beam

retinal spot size in the emmetrop ic eye .

Part II deals with ocular hazards f r o m  ul t raviole t  l a se r  irradia-

t ion . It contains:  a summary  of lite ra ture  su rveys  on abso rp t i on

c ha rac te r i s t i c s  and molecular composi t ion of components  of the eye ;

development of a p re l imina ry  quanti tat ive model r e l a t ing  the extent

of photochemical  damage to laser beam ,c h a r a c t e r i s t i c s ;  and sugges-

tions for  a numbe r of exper iments  which would be t t e r  def ine  the na tu re

of ocular hazards  f rom ul t ravio le t  ra dia t ion  and aid in the development

of , as we ll as provide ve r i f i c a t i on  fo r , the quant i ta t ive  model .

V
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PART I-A

WAVELENGTH DEPENI)ENCE ON THRESHOLD
OCULA R DAMAGE FROM VISIBLE LA SER LIGHT

I-A INTRODUCTION AND B A C K G R O U N D

The f i r s t  decade of laser technology feathred the overwhelm-

ing popular i t y of the he l ium-neon gas continuous wave laser . This re-

sulted f rom the fact that the cost and the na ture  of this laser reason-

abl y suited the popular uses : classroom demonstra t ion , optical align-

ment , making and viewing holograp hic recordings , and many other

app lica tions req ui r ing low power visibl e laser q ualit y lig ht . Now into

the second decade of laser technology we find many sophis ticat ed , in-

c reas ingly popular , demands for  which the hel ium-neon laser is not

suited. A variety of commercially available hi gh powered pulsed

lasers constitutes the basic tool in the field of nonlinear optics. These

hi gh powered pulsed lasers in conjunction with such a nonlinear device

as an optical pa r a m et ric osci ll at or cons titut e a source  of continuou sl y

tunable laser qualit y radiation f rom the near i n f r a r ed  th rough  the vis-

ible region of the electromagnetic  spect rum.  Similarly, high powered

pulsed lasers are used as optical pumps in d ye lasers  producing  tun-

able laser radiation throughout  the visible into the ul t raviolet  region

of the spect rum.  We now find the choice of waveleng th associated

with laser radiation f rom the in f ra red  through visible into the ultra-

violet portion of the e lectromagnet ic  spect rum well within the state

of the ar t  of laser technology. Theref ore , the question of ocular haz-

ard as a funct ion of wavelength is no longer of academic concern only

but becomes relevant and a just i f iable concern of those responsible

for  dete rmining  laser ocular safet y s tandards.

• This part  of this report  is concerned with the quest ion of laser

i r radiat ion induced ocular  damage threshold as a function of wavelength

• in the visible region of the e lec t romagnet ic  spect rum.



Many th resho ld  damage de te rmina t ions  for  a variet y of com-

binations of laser lig ht parameters  have been determined and re-

ported in the technical l i te ra ture .  A number  of s imilar  threshold

damage determinations relevant  to this wavelength  ques t ion  have

been de termined on the rhesus  macaque’9 . (T he rhesus  eye is a

popular subject  choice in thi s type of experiment due to its simi-

larit y to the human eye). F igure  I-Al shows several  of these  thres-

hold determinations by several  d i f fe ren t  inves t iga tors .  Th e da t a

points represented in F igure  I-Al are  similar in that they involve

single pulse laser i rradiat ion exposures with minimal i r radiated

retinal spot size to the paramacula region of the ret ina . Thus , a

wavelength comparison f rom this collection of data should partially

answer the question of wavelength dependence. There  is ve ry  little

of this kind of comparable data in the l i te ra ture  for  single pulses

shor te r  than indicated in Figure I-Al.

One might conclude f rom the collection of data dep ic t ed in

Figure  I-Al that there  is a si gnif ican t damage th res hold diff er ence

between red and green laser lig ht . However , there  are several

considera tions which cause one to re f ra in  f rom drawing any con-

clusion at all f rom this collection of data . The common end point ,

the appearance of a threshold  damaged area on the ret ina , which

is subtle and di f f icul t  to identif y ophthalmoscopicall y, mak es les ion

determination a subjective determination of the “ eyeball reader ” .

G . D. Fr isch et at. ~~~
, define their criterion for  minimal retinal

damage as: ‘1 the presence  of an ophthalrnoscopica lly visible opacit y

observed within sixt y minutes  after exposure” . The cri terion for

minimal ret inal  damage used in this laboratory d i f fers  slightly in

that  there  m ust  be ophthal rnoscop ically visible a white or grey  cen-

t ral  region of damage to this opacit y. This is a s igni f icant ly  
more2
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s t r ingent  definit ion for  threshold damage. This dissimilari ty and

other dissimilarit ies among the invest igators , experimental  techni-

ques and apparatuses represented  in F igure  I-Al make any in fe rence

of a signif icant wave length dependence not possible f rom the litera-

ture  consideration.

We conc lude f rom the l i tera ture  consideration that a wave-

length dependence invest igation within a single program using simi-

lar experimental techniques , personnel , and apparatus is essential

for  a determination of whether  a significant wavelength dependence

exists for  threshold ocular damage f rom visible laser  light . The
investigation reported herein addresses this threshold wavelength

ques tion within a s ingle  experimental  p rogram using the same ex-

per imenta l  techniques , pe r sonne l , and appara tus  th roug hout .

The experimental ly de termined th reshold  values a~~c of two

t ype: The f i r s t  set of de terminat ions  involved four  E D -5 0  data

points associated with ‘wors t --Se laser  exposure  condition. (That

is: minimal d ive rgence  of the laser beam , maximum dia lat ion of

the iris with the to ta l  laser beam incident  on the cornea focused  to

a minimal ret inal  spot s ize  in the macula region of the r e t i n a . )

The fou r  E D - 5 0  data po int s  have a common s ing le pulse  d u r a t i o n  of

for t y mi l l iseconds.  The four  wave leng ths  span the vis ible  spec t rum:

476 . 2 , 520. 8, 568. 2 , and 647 . 1 nm .

The second set of th reshold  value de te rmina tions  involve the

same four  wavelengths  and the same ta rge t  on the retina . Two of

four  pla nned de t e rminat ions a re comple te and are repor ted  here in .

This second set of E D - S O  determinat ions  is associa ted  with an ex-

panded re t ina l  spot size. The re t ina l  spot s ize  d iameter  is mea-

sured  to be 280 ~i in each eye that is exposed. These four  ED -SO’ s

have a common s ingle  pulse durat ion of two hundred  and f i f t y mil li-

seconds.

4
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The wavelength depend ence quest ion should be and is consider-
ed , within the invest igat ion , f rom a theoret ical  stand point. The
t heo r et ica l cons idera t ion is based on th e ass u mp tion that the thres-

hold ret inal  damage f rom laser i r radiat ion is thermal  in na ture .

That is , a given r ise in t empera tu re  in the retina as a resul t  of ab-
sorbed laser irradiation in that region resul ts  in local cell damage
which is visible op hthalmoscopically.

Finally, we consider the wavelength dependence ques t ion  f r o m
a histologically eva luated set of minimal re t inal  laser  bu rn s .  A set
of four  photographs a re  presented  showing histologically p repa red

sections of four minimal ophthamoscopically visible retinal lesions .

The four  photographs presented  represent  lesions induced by laser
light of the four  wavelengths  represented  

above.5



I-A EXPERIMENTAL APPARATUS

AND EXPOSURE PROCEDURE

The laser apparatus used in the first set of four ED-SO determina-

tions in this experiment is shown schematically in Fi gure  I - A Z . The

Coherent Radiat ion Model 52 Kryp ton Gas Laser  shown in the schematic

is capable of CW laser oscil lation at the four  wave leng ths  (476 . 2 , 520. 8,
568 . 2 and 647 . lnm)  used in this experiment , with sufficient power to in-
duce “ minimal” lesions in the subject’ s ret i na f rom a s ing le pulse ex-

posure  of for t y mil l iseconds durat ion . A measured c ros s - sec t ion  of the
laser  beam in t en si t y d i s t r ibu t ion  showed the in tens i t y p r o f i l e  t o be ~aus-

sian in shape [TEM 00 : exp ( _ r Z / 2 0 c
2 )]. The prof i le  m e a s u r i n g  appara tus

and an example of one of th e pro fi les is desc r ibed ari d given in sec tion

I-B . The resul t s  of these  measurements  a re  given in Table I-Al.

The laser output beam power was controlled b y var y ing the c u r r e n t

throug h the laser plasma tube . The power of the CW laser i r radia t ion

(40 millisecond dura t ion)  delivered to the subjec t  eye was monitored by an

SGD 444 photodiode in conjunct ion  with a Tektronix  Model 556 oscillo-

scope as shown in F igure  I -A Z . This monitor ing sys tem was calibrated

dail y with a Scientech model 3600 thermopile placed at the intended posi-
tiori of the subject ’ s eye.

The Zeiss fundus camera shown in the schematic  served to view

the subject T s retina and to hold the mirror  that ref lec ts  the laser beam

puls e into the subject’ s eye. The m i r r o r  swung out of place for  viewing

the retina. The mir ror  was aligned such that when it was in place , as

shown in the schemati c , the reflected laser beam was made coaxial with

the op tic axis of the fundus camera . Thus b y Viewing the subject’ s

ret ina through the fundus  camera with the m i r ro r  out of place the eye

could be maneuvered in such a way that the optic axis of the fundus

camera went throug h the spot selected on the ret ina for  i r radiat ion.6
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TABLE I-Al

GAUSSIA N LASER BEAM DIMENSIONS

20
1 2 

C

X (nm) I SPOT SIZE AT THE FULL ANGLE
CORNEAL PLANE (mm) DIVERGENCE (m rad. )

647.1 2.47 .80

568.2 2.60 .60

520. 8 
— 

2 .87 . 54

476.2 2.67 .66

8
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T he m i r r o r  could then be swung into p lace jus t  be fo r e  the laser

ir radiat ion was delivered to the eye. The laser  a p p a r a t u s  being

used in the second set of ED-SO d e t e rm i n a t i o n s  is s imi lar  to the
one shown in Fi gure  I -A2 . Figures  1-BI and 1-Bla in Par t  I-B
show the s imilar  appara tus  modif ied to fac i li t a te  the expanded

retinal spot size. We refe r to Part I-B for  the p r o c e d u r e  to ob-

t ain and ins u re a Z 80~ spot size in each eye that  is exposed .
The f i r s t  set of four  ED-SO de te rmina t ions  in this exper iment

required sixteen laser i r r ad ia t ion  exposures  to each subject  eye.

The power (mW ) set tings associa ted with the s ix teen i r rad ia t ion

ex posu re s  were  symmetr ica l ly a r r a n g e d  abo ut a prees t ima ted  ED-
50 value in equal log in tervals  such that  the lowest power wi ll not

create a lesion on the re t ina  and the hi ghest  power wi ll create a
lesion on th e re t ina . The s ixteen power s e t t i n g s  associated with

th e indiv idua l pu lses were  presented  in a randomized  sequence .
The average  t ime to del iver  the s ixteen shots  was about five min-

utes. The exposures associated with the large retinal spot size

were delivered in a similar manor except the re  were  onl y four-

teen of them.

The target  area on the re t ina  was  the rn acula . Fi g u r e  I -A3  is

a map showing the t yp ical a r r a n g e m e n t  of the sixteen exposure sites

in the rri acula . F igure  I -A4 shows the a r r a n g e m e n t  associated with
the large ret inal  spot size for  the four teen  exposures .

The t ypica l threshold lesion consists of a centra l  area  of des-

• t royed cells white or g ray  in color on t h e o rder  of 10 ~.im across .

Around  this area is usually a ring of revers ib ly  da maged ce ll s

appearing dark gray in co lor . The appearance of a threshold dam-

aged area is sub t le  and difficult to identif y ophthalmoscopically,

- 

- making lesion de te rmina t ion  a subjective determination of the

,
IPV..~ “ eyeball reader ” . The de te rmina t ion  of whether  a lesion 

was9
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created on the ret ina b y a g iven exposure  was de te rmined  op htha lmo-

sco pica lly ,  via the Zeiss fundus  camera , one hour  a f t e r  the exposure .

12 
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rhesus  mac aque subject  be fo re , dur i ng,  and af te r  the ocular ex-

posure  to laser i r rad ia t ion:
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I-A THEOR Y

The heat-conduct ion equation has been used by seve ral invest i-
9-16 .gators  to determine temperature  inc rease  in the re t ina  due to

abso rbed electromagnetic i r radiat ion.  Tb-’ heat-  conduction equation

has t he for m :

K~7 2 T + A /q7c ( I -Al )

where  T is tempera ture, t is time , K is thermal  diffusi t ivi t y, A

is source s t rength , cp is densit y, and c is specific heat .  T and A a re

functions of r, z, t, and X where: z is the optic axis defined b y the

direct ion of the incident i r radia tion to the retina , r is the cy lindrical

coordinate radius , and X is the wavelength of the incident i rradiat ion.

Due to the different  s t ruc tura l  layers in the retina having d i f ferent

thermod ynamic properties an analytic solution of equation ( I -Al)  is

not practicable. An approximate solution to this part ial  d i f ferent ia l

equation giving the t empera ture  at d iscre te  grid point s associat ed with

the independent var iab les  (temporal , radial , and axial) in this problem
10 , 11, 14wa s deve loped and u sed b y M. A. Mainster et. at . to t reat  this

problem.

It is not necessary  for our purpose to treat this problem with

suc h r igor .  To de te rmine  the wavelength dependence  on t empera tu re

increase  in a part icular  layer of the retina , all that is n e c e s s a r y  is an

inspection of the source term “A” . That is to say, the magnitude of

the heat source  as a funct ion of wavelength , all othe r beam parameters

being held constant , should be a valid relative indicator  of the local

tempera ture  increase.

The heat source term has the following f o r m  for  a par t i cular

s t ruc tu r a l  layer:
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A (r, z , t , X I  ~ ( t ) h ( r )  110( X )  a ( X )  exp [_ a z ]  ( I - A2 )

0 , t—~owhere  ‘ (t) is a ‘‘ unit s tep function ” ; ç ( t )  = I , o<t<t1
- 0~~ t>t 1

indicating that the i r radiat ion lasts f rom t=0 to t =t 1, Ii ( r )  is a func-
tion which represen ts  the radial d is t r ibut ion  of the i r radia t ion inci-
dent on that part icular  s t ruc tura l  layer , I1~ ( X )  is the i r r ad iance  at
the  center of that radial d is t r ibut ion  at the upper s u r f a c e  of the parti-

cular s t ruc tural  lay e r , and a, (X)  is the absorpt ion  coef fic ien t  associat-
ed with the layer.

It is of i n t e res t  to express the laser beam parameters  h ( r )  and

H0 ( X )  in t e rms  of their  cor responding  measu rab le  pa rame te r s  at the
cornea . For the convenience of this anal ysis we will a s sume  the
rad ial d is t ribut ion  at the cornea to be Gauss ian  and have the fo r m :

z z
h(cornea) exp 1-r /Zac}

where a~ re presen ts  the measured  corneal spot sii~e radius. We

make the as s u mption in this analysis that the op tics of the eye tra ns-

f o r m s  any given dis t r ibut ion at the cornea to a similar d i s t r ibu t ion

at th e pigment  epithelium layer in the ret ina . Th e r e f o r e ,

h (co rnea )  exp [_ r
2 /2o 2

] =~~ h(retina) exp~~-r
2

/~~~
2

1

where  a pE represents  the ret inal  i r radia ted  spot size rad ius .  Based

on this a s sumpt ion, we may exp r ess H0 ( X ) i n  t e rm s  of the  i r r a d i a n c e

at the cen te r  of the Gauss ian  d i s t r i bu t ion  on the  cornea 0 Hz’, the

t r a nsm i t t a n c e, T ( ) ) , of the ocu la r  media a n t e r i o r  to the  p igment

epi theliurr i  layer  and the  spot s i zes:

/ 2
FT 0 ( X )  FT 0 T ( X )  L~ 1L~~

16



If we substitute these expressions for h(r) and H0( X )  in to  equa-

t ion (1-AZ) we have the following expressions for the heat  source  in

terms of measurab le  or calculable quant it ies :

A ( r , z , t , X ) = ( ( t )  exp[~~
r

2 /2a
pE

2
} H~~ T ( X ) [_ ~~~ }

2 
a ( X )  exp[-~~z]. (I-A 3)

For  convenience  and f u t u r e  r e f e r e n c e , let us consider the mag-

ni tude of the heat sou rce  along the z axi s (r o) :

a~ 2
A (o , z , t , X )  = c (t)  H ’ T ( X )  {~

— _ ]  a ( X )  exp [_ x ( X ) z } .  ( I - A 4 )

We do not mean to imp ly that t h e r e  is a l inear re la t ion be tween  the

magn itude of the heat source  at a d iscr - le  g rid point and the local r i s e  in

t empera tu re .  However , we can infe r  that the re lat ive  change in  the rnagni-

tude  of the heat source  as a func t i on  of wave leng th , holding all other para~

meters  constant,  is related to a relative t em p e r a t u r e  change.

17 
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I-A RESULTS AND CONCLUSIONS

There  are severa l  considera t ions  assoc ia ted  with this investi-

gation f rom which we may draw conclus ions .  The f i r s t  consideration

was the l i tera ture  which was discussed in th~ in t roduct ion .  We con-
cluded f rom this considerat ion that there  was no real evidence in the

l i te ra ture  to infer  a si gn ificant wavelength dependence on threshold

ocular  damage frorri  vis ible  laser  li ght. However , the conclus ion  is

qualif ied when we consider  the dissimilari t ies associated with the

da ta points f rom the l i te ra ture  which we considered in Figure  I-Al .

Likewise , the following conclusions which are drawn f rom the ex-

perimental  resul ts  and theoret ical  anal ys is are qualified . We wi ll

discuss t he qual i f icat ion associated with each conclusion.

The f i r s t  resul t  to consider  is the set of ED -SO determinat ions

associated with the “wors t case ” laser exposure condit ions.  Table

I -A Z list the ED -50 values and their lower 95% confidence limit.

F i g u r e  I - AS  is a plot of the ED-50 values as a funct ion of w a v e l e n g t h .

The e r ro r  bars  in F igure  I -A5 represen t  the s tandard  deviat ion as so-

ciated with the data sample (sixteen eyes in each case).  The ED-SO

value in each case is the average of sixteen threshold  estimates de-

termined from a probit anal ysis of each eye.

Ind icat ed by the error  bars in Figure I -A5 , the variances asso-

cia ted with the data points are approximately equal. This implies

statistically that any one of the data points is as valid a threshold

determination as any other . The e r r o r  bars  si gn i f i can t ly overlaps

in the comparison of any two of these data points.  Thus , f rom a

statistical analysis of this data, we may conclude that there  is no

~~~~ i i f i can t  wavelength dependence  fo r  t h r e s h o l d  ocu la r  damage  f r o m

“w o r s t  case”  condit ion v is ib le  laser  lig ht exposures .

18 
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TABLE I - A Z

ED-5O VALUES FOR 4 Orn  SEC

EXPOSURES TO TIlE MACULA

WAVELENGTH ED-SO LOWER 95%
C O N F I D E N C E  LIMIT

(nm) (mW) ( mW )

647.1 12.05 10.96

568.2 11 .50 10.69

520. 8 10.48 9.80

476. 2 11 .9 4  1 0 .9 7

19
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The theory associated with thermal  damage to the re t ina  sugges t s

a correspondence between the magnitude of the heat source  term in

the heat -conduct ion  equation and change in tempera ture .  That is: the

larger  the heat source te rm , A( r , z , t, X ) ,  the  l a rge r  the  i nc rease  in

temperature  at any given point . It is worthwhile  to note at this point

that we are concerned with threshold  ret inal  damage which imp lies a

critical temperature to cause damage. That is: there is some criti-

cal t empera ture  such that if the t empera tu re  of the ret ina is ra ised

to that  point or above , damage will resul t . Thus , we a re  in t e res ted

in the maximum tempera ture  increase  f rom a given exposure .  If we

consider two sets of exposure conditions which d i f fe r  onl y in wave-

length and calculate the magni tude of the heat sou rce  as a resul t  of

- . 
th ese expos u res , their  relative magni tudes  should he an indicator  of

the relative inc rease  in t empera ture  in the reg ion  of the exposure.

The one with the larger  maximum t empe ra tu r e  should have the  lower

ED-50 value. For a Gaussian intensi t y dis t r ibu t ion  this n iaxirnum

temperature  increase  will occur at the center  of the re t ina l  i r radia t -

ed spot. Therefore , we consider the heat source  t e r n i  given in

equation I -A4 as a relative indicator  of t empera ture  i n c r e a s e  as a

func tion of wavelength.

We see f r o m  equation I -A4 that

(1 2
a T  exp ( - a z )

Where  (T
~~ and a 5 are  the corneal and re t inal  i r r ad i a t ed  spot s i ze s

PE
res pectively, T is the t r ansmi t t ance  of the ocular media a n t e r i o r  to

to the pigm en t epitheluirn layer , 
18a is the absorp tion coeff ic ient

associated with the pigment  epithel ium layer , 
17 

ari d z is the dis tance

along the optic axis f rom the f ront  s u r f a c e  of the P. E . layer . We

find est imates in the l i tera ture  ~ 19, 20 , 21 of r etinal spot s ize  asso-

ciated with “wors t  case ” laser i r radia t ion that r ange  f rom SO ~ i to

21
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3 c i .  B y inspect ion we see t hat a one order  of magni tude var iance

in the est imate of the retinal spot s ize resul ts  in a two order  of

magn itude variance in the calculated magnitude of the heat source.

We suspect  a substant ia l  var iance  in a PE f rom eye to eye for

min imum i r rad ia ted  spot s izes .  Thus , we suspect  that the var iance

in the data r ep resen ted  in Fi g u re I -AS  is a resu l t  of this v a r i a n c e

in minimal re t ina l spot s ize . We conclude f rom this th at if we

cou ld insure  a cons tan t  re t inal  spot s ize f rom eye to eye the vari-

ance associa ted with threshold  damage may be subs tant ia l l y less

and s how a wave leng th  dependence.

We pro posed a second set of th resho ld  de te rmina t ions  as a

func t ion  of wavelength  invo lv ing  a la rge  measu rab le  ret inal  spot

- • s i ze  to e l imina te  this  v a r i a n c e  in re t ina l  spot s ize .  Two of the

four  p lanned threshold  determinat ions  associa ted  with a 140 (1

re t ina l spot s ize  radius and 250 m sec. pulse duration are  report-

ed in Table i -A  3. T he numbers  in the last  column on the rig ht

represen t the two E D - SO  values and the s tandard deviat ion as so-

ciated with them. We see that the var iance  associated with the

X 520 . 8 ED-5O is equall y as la rge  a percent  of the total value as

those  associa ted wi th  the f i r s t  set of th resho lds  d e t e r m i n a t i o n s

which involved minimal r etinal spot sizes. Since the retinal spot

s ize  was measured  fo r each eye (eighteen eyes per ED-SO) and

held constant throug hout the experiment we are fo rced  to conclude

that the variance in the data (all ED-50 data) is not a t t r ibutable

to the var iance  in the re t inal  spot s ize .  B y e l iminat ing  this

source  of va r iance  in an ED - SO threshold value we conclude that

the var iance  is inheren t  to the nature of the damage de te rmina t ions

(minimal ophthalrnoscop icall y vis ib le les ion)  and th at th er e is a

cer ta in  inherent  var iance  to the cri t ical  t empera tu re  which will

22 
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cause  damage to the ret ina.  We also see from the two ED -SO data

p o i n t s  in Table I - A 3  tha t  t h e r e  is no si g n i f i c an t th re sho ld da ma g e

d i f f e r e n c e  for  l a rge  re t inal  spot sizes between red and g reen  la se r

~~~~t .
We now consider  some t e mp e r a t u r e  calculations via the

Tec hno logy  Incorporated model 
10, ~ for  the four  wavelengths  asso-

c ia ted  wi th the exper imenta l  de terminat ions .  We consider t h ree

cases in Tab le l -A 3  to check for  an expected wavelength dependence.

T he f i r s t  case that  we consider is the laser  beam parameters  as so-

( -j a ted w i t h  minimal  ret inal  spot size (a = 10 u) and an exposure dura-

t ion of 40 mi l l i seconds  which is relatively long compared to th e

thermal relaxation time. To re i tera te , since we a re concerned with

a cri t ical  th reshold  tempera ture  we are in te res ted  in the maximum

tempera tu re  genera ted  by the laser exposure.  The label z = 5 u
i ndica tes that  the maximum tempera tu re  occured  5 u into the pi g-

men t epi thel ium layer . Thi s is indicat ive of a long exposure .  The

other two cases cons idered  are  for  a large  re t inal  spot size of 150 u
r ad ius , one a short  exposure (I ~i sec. ) and one a long exposure  of

40 mi l l i seconds .  We see that for the two 40 millisecond exposures

the red light gives the l a r g e s t  t empera tu re  r i se  and th e r e f o r e  should

give the lowest ED-SO value. We see that for  the shor t  exposure

( 1 u sec) the green light g ives  the l a rges t  t e m p e r a t u r e  r i se .  This

indicates a theoretical wavelength dependence assoc ia ted  with the

length of the pulse dura t ion . However , in eac h of the  t h r e e  cases

the t empera ture  d i f f e r ences  are  not si g n i f i c a n t lj fl~j~~ snoug h to

expec t a wavelength dependence to show exper im en t all y.

It is interesting to note in Table I-A3 that the calculated

magni tudes  for  the heat source t e rm:

A - CIT exp (-az)

24
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give the same relat ive magni tudes  as a func t ion  of wave leng th as

does th e T echno logy Incorporated model. That is:  the column

labe led z = 0 ~i corresponds to a short  pulse dur a t ion  and has the

same re lative order  as the Technology incorp o rated model

t empera tu re  calculations for  the I ti sec exposure . Likewise the

column labeled z 6~i corresponds in the same way to the rela-

tive tempera tures  for  the long 40 m sec. exposures.  T his in a

sense  confirms that the magni tude  of the heat source  te rm is a

good re lative indicator  of wavelength dependence for  threshold

ret inal  damage.

F igure  I-A6 is four  photograp hs of four  h is to log ical ly pre-

pared sections of four  minimal ophthalmoscop ica lly visible retinal

lesions . The laser beam parameters  were  the same as those  asso-

ciated with the f i r s t  four  experimental ly de te rmined  threshold val-

ues. The total power inc ident  on the cornea was slig htly la rger

than the ED-SO values g iven in Table I -AZ to i n s u r e  an induced

lesion for  each wavelength . All four  lesions shown in Fi gure  I-A 6

were induced in the same eye. F rom the comparison of these

damage sites we can f ind no s ign if i can t  h i s to log ica l  evidence of a

wavelength dependence for  th reshold  retinal da~~~ ge.
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PAR r I-B

LASER B E A M  R E T I N A L  SPOT SIZE
vs RETINA L LESION SIZE

I-B INTRODU CTION AND OBJECTIVES

The following experimental  de terminat ions  were  a consequence

of a determined need for  some data to corre la te  laser beam ret inal

spot size with the cor responding  s ize  of the induced lesion . The

de terminat ions  were  concerned with re t inal  lesions and laser beam

spot s izes  much l a rge r  than  those  associa ted with t h r e s h o l d  re t ina l

damage and w o r s t  case laser  i r r ad i a t ion .  The tabu la ted  resu l t s  of

this e f f o r t  amount  to a necessa ry  p recu r so r  to an exper iment  con- 
-

cerr i ing loss of v isua l  acuit y as a f u n c t i o n  of laser  beam induced

ret inal  lesion size.  The par t icu lar  retinal spot s ize and lesion size

d iameters  of i n t e r e s t  were  on the order  of ZOO , 500 , 900 and

1500 microns . These  d iameters  correspond to diameters of par ti-

cular ta rgets  (on the ret ina of the rhesus  macaque s ubject )  of in-

t e res t  in the pending visual acuity exper iment . Th e diamet ers

corres pond to the dimensions of the re t inal  fovea cent ra l i s , the f ovea ,

approximately one-half  of the area of the macula , and the macula.

The tabulated resul ts  amount  to the puls e dura t ion , to t al power , cor-

nea l spot s ize , full ang le diver gence of the laser  beam incident  on the

cornea , wave length of the laser i r radia t ion , and the ret inal  spot size

to induce lesions of the preceding  sizes .

The experiment had some goals and objectives not related to the

pe nding  visual acuit y exper iment .  When we refe r to a cor re la t ion  be-

tween laser beam retinal spot size and induced lesion size , we i n f e r  a

c o r r e lati on be tween bo th th e measured  and ca lcu lat ed aspect s of th ese

paramete r s .  There a re  two aspects  to ret inal  spot size: the calculat-

ed s ize  f rom the ocular and laser beam parameters  (see Supp lement

I-A)  and the measured  size as described in the next section . Th ere  a re
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th ree  aspects  to ret inal  les ion  s ize :  the s ize  of the lesion seen and

measured  wi th the fundus  camera as is descr ibed  in the next sect ion ,
the s ize  and extent of the lesion de termined  h istolog icall y, and the
theoret ical ly predicted s ize  ( a s suming  a cri t ica l  t e m p e r a t u r e )  via the
the rmal  model. Thus ,  we are  concer ned with a co r re l a t ion  between

any two of the f ive  mentioned aspec ts . The fol lowing were  of p r imary

in te res t  in thi s experiment:

1) A correlat ion between the measured  lesion s ize  us ing  the

fundus camera and the same determination made histologi-

cally. This sould de te rmine  the extent  of u n d e r l ying da-

mage not visible with the fundus  camera  and should el iminate

the need for  h i s to logica l  evaluation of the s ize  of the damag-

ed area on th e re t ina .

2) Of cons ide rab le  cons equence is the fact  tha t :  given the data

a s soc i a t ed  with this  exp eriment  ( laser  beam power and pu lse

dura tion , re t ina l  image  s ize , lesion s ize , et c . )  in conj unc-

t ion with the mathematica l  t he rma l  model  one should  be able

to calculate a critical temperature associated with retinal

damage.

3) A comparison between measu red  r et inal  spot and calculated

re tinal spot s i ze  should de te rmine  whe the r  the calculat ion

is a reasonab le est imate of the t rue  size.
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I-B E X P E R I M E N T AL  A P P A R A T U S  A N D  E X P O S U R E  P R O C E D U R E

The apparatus used in thi s exper iment  is shown schematical ly

in F igures  1-BI and 1-Bla . ACW laser beam at a w a v e l e n g th of 647 . 1

nm f rom a kryp ton gas laser  was utilized in the exper iment . A beam-

scan analysis of this laser beam indicated a Gaussian radial intensity

dis t r ibut ion  of the beam imping ing at the corneal  p lane. The beamscan

apparatus  (not shown in the schemat ics )  cons is t s  of an EG & G-SGDIO OA

photodiode mounted behind a SO ~im pin hole and attached to a micro-

meter  dr ive , a synch ronous  motor , and an X -Y  r e c o r d e r . The

synch ronous  motor  d r i v e s  the m i c r o m e t er  with the photodiode  a t tached

across  the laser  beam while the e lec t r ica l  out put  f r o m  the photodiode

ind ica te s  the i nt e n s i t y pro f i l e  of the laser beam.  Fi gu re s  1-13 2 and I -BZ a

are  examples of the X -Y  r e c or d e r  p lot of the intensit y profile of the

beam imp ing ing at the co rnea l  p lane . F i g u r e  I -B 2 is without  the lens

indicated in Figure 1-Bla , and F i g u r e  I - B2 a  is wi th  the  lens .  Note tha t

the lens does not a l ter  the beam prof i le .  The vert ical  slashes in the

plot occur  e v er y  0. 5 mm to indicate the dis tance covered b y the micro-

meter dr ive .

The power  output of the  l a se r  was cor it in ous l y monito red  b y an

EG & G-SGD444 photodiocl e in con junc t ion  with a T e c k tr on i x  Model 556

osci ll oscope as indicated in Figure 1-131. This monitoring system was

period ica lly (dail y) ca l ibrated with a Scientech Model 3600 the rmop ile

placed at the in tended position of the sub j ec t ’ s eye.

The Zeiss fundus camera shown in the schematic served to

view the sub jec t ’ s re tina and to hold the m i r r o r  or bearn sp lit ter that

re f l ec ted  the laser  beam pulse into the  subjec t ’ s eye.  The m i r r o r

swung  out of p lace for  v iewing the re t ina .  Th e mi r r or or beam splitter

was a l igned such that  when in place , as indica ted  in the  s chemat i c , t he

ref lec ted laser  beam was made coaxial with the optic axis of the f un d u s
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F I G U R E  I-BZ Gaussian field in tens i t y d i s t r ibu t ion
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camera . B y viewing the subject ’ s re tina through the fundus  camera

with th e mir r o r  or beamspli t ter  out of place the eye can he maneuve r -

ed in such a way that the optic axis of th e fundus  camera  goes th r o ugh

the spot selected on the retina for i r radiat ion.  Th us , the fundus

camera served to select the target  area to be irradiated and as an

element in the laser pulse deliver~j system.

The fundus camera was equi pped wi th a m e a s u r i n g  re t ic le .

The reticle was located direct l y behind the eyepiec e of the camera .

Thus , the view of the measuring reticle was superposed on the view

of the fundus.  The measuring reticle was cal ibrated by viewing the

ti ps of a calibration probe fde signed  for  this purpose  (see F igu r e

I - B 3 ) J  protruding through the pigment epithelium layer  of the retina

of a subject  with the fundus  camera , then counting th e n u m b e r  of

marks on the ret icle between the tips of the probe. One division on

the scale corresponded to SO ~i on the r etina . The probe was inser t -

ed throug h the temporal region of the skull. At ta in ing  access to the

rear of the eye amounts to severe damage to the subject ’ s sku ll.

Therefore , the subject was killed af ter  the calibrat ion procedure .

Six eyes were  used to cal ibrate the reticle: two eyes with a + 1 diop-

ter  r e f r ac t i ve  e r r o r , two with no r e f rac t ive  e r r o r , and two with a

-l dio pter r e f rac t ive  e r ro r .

Fi gure I-Bla is an expanded schemat ic  portion of the laser

beam de l ive ry  sys tem shown in F igure  1-Bl. The lens power was

selected to give the proper full angle divergence of the beam irnping-

ing at the corneal su r face  to give the desired ret inal  image size.

This choice of lens was made by arbi t rar i ly  choosing a lens then

measur ing  the ret inal  image size. If the retinal image was not the

desired size this process was repeated until the desired image size

was obtained . The image size measvrement  is made with the

36
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cal ibra ted re t i c le  by v iewing the  laser  beam spot on the re t ina

(at  a subthre shold  lesion level) th roug h the beamsp li t ter . No te

that the measured spot size is not necessaril y the l/e
2 
spot size

of the observed laser spot on the ret ina . The d ivergence  and cor-

neal spot size was measured and recorded  with the p rev ious l y men-

tioned bcamscan apparatus.

Starting with the chosen re t inal  spot size , the laser  beam

power associated with a given lesion size was de termined by an

a r b i t r a r y  choice of a power such that  the power densi t y at the re t ina

was substantially less than that required to rup t u r e  the  choroid and

cause a hemorrhage .  From this a r b i t r a r y  choice of power and re ti-

na l spot size a pulse dura t ion  was exper imenta l ly dete rmined such

that the combination of chosen power , spo t s ize , and pu lse du ra t i on

would produce a lesion approximately t he size desired . With this

determined choice of power , spot s ize , a n d  pu l se  d u r a t i o n  a s e r i e s  (at

least  t e n )  of eyes w e r e  exposed f rom which a s ta t i s t ica l  calculation

was made , of the induced  lesion s ize  associa ted  with that particular

power , spot size , and pulse dura t ion .  The lesion size is an m ime -

diate d e t e r m i n a t i o n .
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1-13 R E S U L T S  A N D  CONCLUSIONS

The tabulated data r e f e r e d  to in the in t roduc tion  is contain-

ed in Table 1-BI. The laser  beam paramete r s  and the cor respond-

ing lesion s izes are  given . There  a re  two lesion sizes ind ica ted

in the table. Th e f i r s t  lesio n si ze is th e res u lt of a m e a s u r e m e n t

made immediately af ter the laser exposure .  The lesion s ize  (im-

media te)  given in the table is an average  of at least ten lesions ,

(one lesion per eye) all induced b y the same laser  beam parameters .

Fi gure  I-B 4 is a series of four  phot ographs i n d i c a t i n g  the fundu-

scop ic view of a t ypica l lesion of each size rep resen ted  in Table

I- B 1. The pho tograph in the  center  of Fi gure  I -B4  shows the

f undus copic view of the ti ps of the cal ibrat ion p robe  ( see  d rawing

Figure  I -B 3) p ro t rud ing  s l ight l y throug h the f u n d u s .  The ti ps of

the probe a re  one mil l imeter  apar t, thus , the photograp h may be

used as a scale to measure  the size of the les ions in the o t h e r

ph o togra phs . Th e standa rd  devia ti on given in Table [- 13 1 indica tes

the var iance associa ted with that  immediate  les ion size m e a s u r e -

men t.

The second lesion size indica ted  in the table was the final

lesion size. In each case it is l a r g e r  than the immedia te  deter-

mination . The size and cha rac te r  of the lesions dealt  with in  this

ex per iment  change considerably a f te r  the exposure .  The diameter

of the  damaged area in each case grew to a f inal  s iz e  of approxi-

matel y 30% l a r g e r  than the in i t i a l  size of the les ion.  In the  case

of the f i r s t  size this growth takes about one hour . In the case of

the l a rges t  size the growth may take two days.  F i g u r e  1-135

i l lus t ra tes  the funduscop ic view of the typ ica l change  in ch a rac t er

of a l a rge  lesion. T ypically,  the white area of the damaged  re t ina

grows to the final  s ize  then s tar ts  to recede leaving a gnar led
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TABLE 1-BI

LASER BEA M A N D  R E T I N A L  LESION P A R A M E TE R S

UNITS #1 112 #3 114

r e t i n a l  spot -

size radius 
~~~~ 90 225 425 525

re t ina l  lesion
size ( immediate)  u m 187 547 937 1328

re t ina l  lesion
size ( f ina l )  u m 231 683 1050 1790

s tanda rd deviat ion
re tinal lesion
s ize  (im media t e)  u rn 17 69 68 100

~~~ t o t a l  laser  beam
power  c o rn e a l 

-

s u r f a c e  mW 200 320 425 425

la s e r  beam pulse
dura t ion  sec .1 .5  1 4

cor n ea l spot
s ize  mm 2 . 5 2 . 5 2 . 5 2 . 5

l a se r  beam ful l
ang le dive r g e n c e  i-n rad 7-8 33 . 4 63 . 3 78. q

4 40
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looking reg ion on the f u n d u s .  The f inal  o b s e r v e d  appearance  of

the damaged retina , as indicated in the pho tograp h labled ‘ s even

days a f t e r ” , rema ined unchanged for  at least ninet y da ys.

F i g u r e  I-B6 is four  funduscop ic ph ot ographs of fou r  lesions

which cover  the macula.  The pho tographs show clear l y blood ves-

se ls above the white  lesions.

One of the p r imary  objectives of this e f f o r t  was to obtain a

cor relat ion between the measured  lesion size using the scaled

re t icule in the fundus  camera and the size of the lesion determin-

ed his tological ly. F igu re  I -B7 shows a photograp h of a one micron

thick se r ia l  sect ion (pe rpend icu l a r  to the plane of the re t ina)  of a

re t inal  lesion . The section is across  the largest  dimension of the

lesion. Using  the scaled ret icule in the fundus  camera  the lesion

measured 390 mi crons ac ross . Using the scale provided wi th  the

pho tog raph and m e a s u r i n g  f r o m  where  the  pi g m e n t  epi the l ium is

b roken  on the left to where  it is broken on the rig h t m e a s u r e s  390

m i c r o n s, The actual  damage extends a d i a m e t e r  of about  470

microns .  However , clear ly, the funduscpp ~ç vis ib le ,  m e a s u r e d

dama ge is conf i rmed histologicall y to be the ma j o r  por t ion  of the

dama ged ret ina.  The f u n d u s c o p ic view appeared s imi lar  to that

labled “SIZE 111” in F igu re  I -B4 but sli ghtl y l a rge r .

The above conf i rmed measuremen t  lends a g rea t  deal  of

con f idence  to f u n d u s c o p ic di mensional  m e a s u r e m e n t s  mad e with

the ca l ibra ted  scaled ret icu le . F i g u r e  I -B 8 is the results of a

se ries of re t inal  spot s ize  m e a s u r e m e n t s , wit h the  scaled re t ic le ,

as a funct ion  of the measured  ful l  ang le d ivergence  of the laser

beam at the cornea . Some of these  m e a s u r em e n t s  a re  represent -

ed in Table 1-131. The s t ra i ght l ine  on th e g r a p h r e p r e s e n t s  the

theoret ical  re la t ionship

(~~~= f e )
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for  ret ina l spot size vs full  angle d ivergence  where  ~ is the  re t ina l

spot s ize  radi u s , with f 13 . 35 mm as the assumed e f fec t ive  focal

leng th of the rhesus eye , and 2 B is the l/ e 2 f ul l  angle d ive rgence  of

the Gauss i an  laser beam impinging at the cortical s u r f a c e . The points

on the grap h r ep re sen t  at least ten measu remen t s  per point (one

meas urement  per eye) all at X 647. 1 nm. T he spot size measure-

men t is descr ibed in the previous section . Note that  the re t inal

spot s ize  m e a s u r e m e n t  is a subjec t ive  de t e rmina t ion  of the pe r son

making the m e a s u r e m e n t.
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P A R T  1-C

TWO STUDIES INVOL VING

l-I I STOLOGICAL E V A L U A T I O N  OF

THE C H R O N O L OG IC  D E V E L O P ME N T  OF

RETINA L LESIONS -

The f i r s t  stud y involved seven rhesus  sub jec t s  ( f o u r t e e n  eyes).

One super threshold ret inal  lesion was induced in each eye. The tar-

get area on the ret ina was the macula . The laser  beam p a r a me t e r s

were the same for each exposure:  400 niW total power i n c i d e n t  on

the cornea , 500 m sec . s ingle pulse dura t ion , X 647 . 1 n m , and a

ret inal  spot size of 450 u. Th e induced les ion s izes  d i f f e r  s li ghtl y
but were  all about 700 t i  in diameter.  The photographs of each re t -

inal lesion ( jus t  a f te r  exposure and jus t  be fo re  f ixa t ion)  are  record-

ed in the lab data books.

The object of this stud y is to determine if there  is any  his to-

logical  evidence of repair  in a super  t h r e s h o l d  laser  l ight  induced

re t ina l  lesion d u r i n g  a ninet y day period . Table I -Cl  i de n t i f i e s  the

rhesus  sub jec t s  and the surviva l  times associa ted with each lesion .

The second stud y involved one subjec t  eye (Subject  #476 13 -

left eye) .  There were  s i x t e e n  s l ight l y abo v e th res h o ld expos u res

delivered to the macula region of the retina. The laser beam para-

meters  were  the same for  each exposure: 18 mW total power in-

cident on the cornea, 40 ni sec. sing le pulse duration , X 647. 1 r im ,

and a minimal re t inal  spot size. The exposures were  placed eig ht

minutes  apart .  The location in the  rnacula and the order  in which the

exposures were  del ivered are recorded in the lab data hooks.  The

eye was fixed twent y minutes  a f te r  the last exposure.

The object of this one eye s tudy  is to de te rmine  if there  is any

his tological ly  observable  change in ~ minimal visible lesion in a two

hour period.
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T A B L E  I - C l

S U R V I V A L  TIME S A SSOCIATEI)  W I T H  LESIONS TO BE
E V A L U A T E D  HISTOLOGICALLY

- Date of Ex p o s u r e  - -Sub j ec t  11 -____________ ______________ 
Pate 1 i x e d

Left Eye  R i g ht  Eye

1 1 / 3 0 / 7 3  1 0 / 3 0 / 7 3

786 10 / 3 1/ 7 3  1 1 / 3 0 / 7 3  1 / 2  / 7 4

57B 1 1 / 5 / 7 3  1 1 / 1 ( 1/ 7 3  1 2/ 3 / 7 3

59 B 1 1 / 1 2 / 7 3  1 1/ I ’ ~/ 7 3  1 1 / 2 6/ 7 3

15813 1 1 / 6 / 7 3  1 1 / 12 / 7 3  1 1/ 1 3 / 7 3

(I. , 186B 11 / 6 /73 ii! 7/73 11 / 7 / 7 3

902 1 / 2 9 / 7 4  10 / 3 0 / 7 3  l / Z ~~/ 7 4
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S U P P L E ME N T  I

LASER B E A M  RE T I N A L SPOT SIZE IN THE E M M E T R O PI C  E Y E

I N T R O D U CT I O N

“ L a s er  beams a r e  s i m i la r in m a n y  r e s p e c t s  to p l ane  w a v e s ;

however , the i r  i n t e n s i t y d i s t r i b u t i o n s  a r e  not un i f o r m , bu t  a r e  con-

c e n t r a t e d  n e ar  the  axis  of p r o p a g a t i on  and t he i r  ph a s e  f r o n t s  a r e  s l i g h t l y

c u r v ed ” . The ph e n o m e n a l  and uni que c h ar a c t e r i s t i c  of li g ht ernmit-

ted  f r o m  a l a se r  is that this li gh t  is u s u a l l y c o nf i n e d  t o  one r a d i a t i on

modle. A r a d i a t i o n  mode in a l a s e r  is a r e s u l t  of the  n a t u r e  of t he

a mp l i f i c a t i o n  of t he  l i gh t  f i e l d s  b y the  amp lif y ing  media  combined  w i t h

the d i f f r a c t i o n  losses a s s o c i a t e d  wi th  p r o p a g a t i o n  of the  f i e l d s  b a c k  a n d

f o r t h  be tween  the m ir r o r s  of the op t ica l  cav i t y. For  t h e  p u r p o s e  of t h is

d i s c u s s i o n  we a r e  i n t e r e s t e d  in the  s p a t i a l  d i s t r i b u t i o n  c h a r a c t e r i s t i c s  of

the t r a n sv e r s e  f ie lds  in the r a d i a t i o n  modes. T h e  s p a t i a l  (- ha r a c t e r i s t i c s

of these  r a d i a t i o n  modes  can be d e t e r m i n e d  b y r e p e a t e d  ap p l i  i t  i o n  of

H u y g e n s ’ pr i n c i p le. Tha t  is :  given  a n  a r b i t r a r y  fietd d is t rihut i o n  a t

one m i r r o r  one can c a l c u l a t e , u s i n g  the  F r e s n e l - L i r h h ’ f f  i i , -  r i~ r a l

t h e o r e m , t h e  f ie ld d i s t r i b u t i o n  at the o t h e r  m i r r o r . 1 he  r e p e a t e d  cal-

c u l a t i o n  yields the  n a t ur e  of the i-nodes of a l a s e r  c a v i t y .

Of p a r t i c u l a r i n t e r e st  to this d i s c u s s  ion a re  t h e  t r a n s  ye r~ e Ii e ld

d i s t  r i bu t ions  in t h e  modes  of a c on f o c a l  l a s e r  c a v i t  v .  A n y  -‘. c u r v e d -

m i r r o r  c a v i t y  has an  “ e q u i v a l e n t ”  c o n f o c al  cav i t y wi th  the  s a m e  mode

s t r u c t u r e .  
( 2 )  

Boy d and G o rdo n  
( 3 )  

sho w (via the F r e s n e l -K i r c hh o f f  t i i eo-

r e m )  that the f i e ld  d i s t r i b u t i o n  a s soc i a t ed  with a passive  confoca l  c a v i t y

hav ing  r e t a n g u l ar  s ym m e t r y  can  be a p pr o x i m a t e d  by H e r m i t e - g a u s si ar i

f u n c t i o n s .  ( T h e  i n t e g r a l  t h e o r e m  is s o lv a b l e  in c losed f o r m  u n d e r  th is

approxi rn a l i o n .  ) Thus , the  a p p r o x i m at e  t r a n s v e r s e  f i e l d  d i s t r i b u t i o n  in

a g iven  mode in  a p lane i n t e r s e c t i n g  the ax i s  of the la se r  cavi t y at a dis-

t a n c e  z f r o m  the c e n t e r  of t he  c a v it y is g iven  b y:
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E ( x , y ,  z , )  E0 H~~ I w~~z) 1 H n 
¶

w ~z) 1~~~~P I -j ( -3 - -~fr ~ f k z  f ( )~ ( S  1)

Hern’ii te G a u s s i a n

where  rn and n a re  the Car tes ian  mode nu inhe i  s , x , y , and z a r e  the

Cartesian coordiriates , r
2

= x
2

+ y
2

, k is the wavenumber  of the f ie ld , and

~ is a phase  s h i f t  which is c o n s t a n t  a c r o s s  the  w a v e f r o n t  (a cor rec-

tion of the ve loc i ty  of pr op a g at i o n  of a mode) .  q ( z )  i s  a comp lex

beam p a ra m e t e r :

1 = i _ j I _ ~~~
)i 1 (S Z)

q ( z )  R ( z )  ~

.4 w h e r e  R ( z )  is the r ad ius  of c u r v a t u r e  of the w a v e f r o n t  that  i n t e r s e c t s

the axis at z and w (z )  is a measure  of the dec rease  of the f ie ld  amp li-

tude E as a f u n c t i o n  of d i s t a n c e  f r o m  the  z axis .  S imi lar ly, f o r  a

cavity having cy l i n d r i c a l  s y m m e t r y  the t r a n s v e r s e  f ield d i s t r i bu t i ons

a r e  given b y L a g u e r r e  - g a u s s i a n  f u n c t i o n s:

- —  2 2
E ( r , ç ~ z) E 1

)2 r ~t 
~~ ~

S
~~~~1 1  ex p j _ I ( ~ !~ L—_ - -

~~ k z  -t l~ + ~ ) 1 (S 3)
~ ~T~

) 
~ 

P \ v - - ( ~~ )J~ 
- 

Z q( 7 )

La g ue r re ( ; a us S i a f l

where  p and I a r e  the r ad i a l  and a ngu l a r mode n u m b e r s . The f u n d a m e n t a l

mode , (TE M
00

), in each case is G a u s s i a n  in f o r m , as i nd i ca t ed  in Fi g-

ure  S I. The p a r a m e t e r  w ( z )  is cal led the  beam radius  or “ spot s ize ”

a n d  is the  d i s t a n c e  at w h i c h  the  amp l i t ude  of E is l / e  t imes  tha t  on the

axis .  Note tha t  s i n c e  t h e  i n t e n s i t y  is p r o p o r t i o n a l  to E
2

, w ( z )  is the

d i s t a n c e  f r o m  the z ax is  at w h i c h  the  i n t e n s it y,  wh ich  is what  we can

• m e a s u r e , is lI e  
2 

t imes  t h a t  on the ax is .

E q u a t i o n s  S I a n d  S 3 a r e  p r e s e n t e d  to dern on st  r a t e  t h e  f u n c t i o n a l

form of t h e  s p a t i a l  d i st r i b u t i o n  of the  t r a n s v e r s e  e l e c t r om a g n e t i c  f ie lds
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a s s o c i a t e d  w i t h  l a s e r  b e a m  modes . The c o n c e r n  of t h i s  d i s c u s s i o n  is

t he e f f e c t  of an emniet  rop ic eye  on a l a s e r  beam i-node .

GAUSSIAN_OPTICS

Fr om th e  d e f i n i t i o n  of an emrnetrop ic eye we m a y  a s s u m e  that t h e

mu lti  c u r v e d  ref  r a c t i n g  s u r f a c e s  which focus  the  l i g h t  in an  eye  i-nov j ) 4 ~

re p r e s e n t e d  by a s i n g le t h i n  lens  p laced a f o c a l  l e n g t h  i n  f r o n t  of t h e

re t i na .  ‘‘An i dea l  lens leaves the t r a n s v ers e field distribution of a

bean )  mode unc hanged ’ ’ . Thus  is the Con cep t of a n  i d e a l  t h i n  lens

in the r e a l m  of G a u s s i a n  op t i c s .  ( F o r  a g e n e r a l  d i s cu s s i o n  of the

d y n a m i c s  of op t i c a l  i-nodes p r o p a g a t i n g  t h r ou g h op t i ca l  s t r u c t u r e s  we

re fe r the  r e a d i e r  to r e f e r e n c e  / / 4 •o ) H o w e v e r , a t h i n  lens does c h a n g e

the comp lex beam p a r a m e t e r  q ( z ) .  It . is t h i s  c h a n g e  we c o n s i d e r  in

de t e r m i n i n g  the expected beam spot  s i z e  at the r e t i n a  of an enl nietro-

pic e ye . T h us , the problem at hand is to d e t e r m i n e  q ( z )  at the r e t i n a .

I t s e r v e s  our  purpose  to t ake  f r o m  r e f e r e n c e  //4 an  e q u a t i o n  w h i c h

re la tes  q (z) at one plane to q ( z )  at  a n oth e r  p lane wi th  an ideal thin

lens  b e t w e e n . If q
1 

and q
2 

a r e  d e t e r m i n e d  a t a d i s t a n c e  d 1 
a n d  d 2

from a lens with  foca l  leng th I as i n d i c a t e d  i n  F i g u r e  5 2 , the rela-

tion between them becomes

1_ d
2 

d 1 d 2

- 

I_ -~~~
__l

~~~1 
+ Id

1 
+ d 7 - 

~ 
1 (S 4)

~ f - d r

A gain , t o sui t our  pur pose , le t d 2 equal the focal leng th of the lens ( the

d i s t a n c e  f r o m  the effective thin lens to the retina):

f 2
= 

f- d 1 ~~~~~~~~ 

• (S 
~~)

Thus , a t th i s  po i n t  we have  an e x p r e s s i o n  q 2 w h i c h  r e p r e s e n t s  the q ( z )

a t the r e t i n a  in t e r m s  of the e f f e c t i v e  focal  l e n g t h  of the eye and q 1
,
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which we can calcula te  f rom the p a r a m e t e r s  a s soc ia t ed  w i t h  the con-
f o c a l  laser  cav i ty .

We c o n s i d e r  wi th par t i cu la r  i n t e r e s t  the comp lex p a r a me t e r  q ( z )
a s s o c ia t e d  wi th  the  “ f u n d a m e n t a l  mode ” ( T E M~~~) fo r  a confoca l  l aser
cavi t y. The Gaussi an  beam c o n t r ac t s  to a m i ni m u m  d i a m e t e r  2w 0 at
the  “bean) wa i s t”  where  the phase  f r o n t  is p lane . Thus , R ( z )  at  the
“beam wais t”  is equal  to i n f i n i t y and the comp lex beam p a r a m e ter
becomes

TI 
(S 6)q = j—  p

0 -

If we now Subs t i tu te  this express ion  in to  equat ion S 5 for  q ( z )  at  t h e

retina , q 2 , l e t t i n g  d
1 

equa l the  d i s t ance  f rom the “beam wais t” to
the  e f f e c t i v e  th in  lens ,we have :

f-d
1 - j T T

~~~a

From equa t ion  S2:
f_ c l  2

I ~I I X 
_ _ _ _  

0

~~~~~W 2 2 - j  (S 8)
2 2 U w  f X I

~v he re w 2 is the r e t i na l spot  s ize  rad ius . We now se t  e q u a l  to each

other the real and  i m a g i n a r y  par t s  of the  l as t  eq u a t i o n s  which  y ields :

2 
= (S Q)

which is an expression for t h e  r e t ina l  spot s i ze  in t e r m s  of the  focal
l e n g t h  of the eye , t h e  w a ve l e n g t h  of the li ght , and  the c o n fo c a l  cav i t y
“beam wais t” . The beam contour w (z)  is a h y perbola (see Fi gu r e  S 3)
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with a s y m pto tes  inc l ined  to the  axis  at  an a n g l e  ~ w h e r e :

L 

e 
~~~~~~~~~

Again , fo r  a ful l  d i scuss ion  and deve lopment  of t h e s e  p a r a m e t e r s  (w ( z ) ,

R ( z ) ,  e , ç~ ) as t hey  re late to the  c o n f o c a l . l a se r  cav i t y we r e f e r  t he

reader  to any  of the r e f e r e n c e s  l is ted here in .  2 e is cal led the  ful l

a n g le d i v e r g e n c e  of the  Easer  beam. Thus , t h e  r e t i n a l  spot  s ize  radl ius is

g iven  b y:
(S 11)

w

It is import an t  to note that  the  f u n c t i o n a l  f o r m  of the l a s er  bean) is

not changed  in p a s s i n g  t hr o u g h  the eye.  Tha t  is t.o s ay :  the  f u n ct i o n a l

fo rm of the l a ser  beam at the cornea , be i t Gauss i an  or wh a t e v e r , is the

same at the retina only the real parameters R (z) and  “V ( z)  a r e  c h a n g e d .  
- -

R A Y  T R A CE

The concep t. o f a laser beam as a l i g h t  r a y  or a b u n d l e  of li gh t  r a y s

is void of in f o r m a t i o n  c on c e r n i n g  the f ie ld  di s t r i b u t i o n .  T h e r e f o r e , to

ca l cu l a t e  a spot s ize  via this method we mus [ pick a ra y in the  bundle

of p a r t i c u l a r  s i g n if i c a n c e  to the  f i e ld  d i s t r i b ut i o n .  Tha t  is to say ,  we

may choos e a ray tha t  fol lows the 1/2 , 1/c , lie
2

, etc.  point  in the f ie ld

dis t r ibut ion . Thus , the spot s ize  we ca lcula te  with the r a y  t r a c e  wil l

be the 1/2 , l /e , l / e
2

, etc. s pot s i ze .  To be c o n s i st a n t  w i t h  the  t er rn i-

no logy used  wi th  laser  beams we choose the r a y  which fol lows the l/ e
2

point  in the i n t ensi t y f i e ld  d i s t r ib u tion to de f ine  our spot  s i ze .  This

po int  in the field d i s t r ibu t ion  of a TEM laser  beam mode is w ( z )
00

a w a y  f r o m the z axis. In the l inear  reg ion of the E a s e r  beam , wh ich

would he outs ide  the l a se r  cav i ty,  this l/ e
2 r ay  would essentiall y be

the h y p erbo l i c  as ymptote def ined  b y w ( z )  (see F i g u r e  S 3) . T hus , fo r
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t h e  purp os e of th i s  c a l c u la t i o n  we r e p r e s e n t e d  the  l a s e r  bean)  b y a

bundle of lig ht rays being emi t ted  f r om  a point on the z ax is  and

b o u n d  b y  t h e  h y p e r b o l i c  a s y m ptote  d e f i n e d  b y w ( z ) .  The r e t i n a l

spot size radius we define as the distance f r o m  the z axis tha t

t he b o u n d i n g  r ays  c ross  the  r e t i n a l  p lane .

As  b e f o r e , f r o m  the d e f i n i t i o n  of an ern rne t rop ic eye we m ay

a s s u l - t ie  t hat  the  t h r e e  ( see  Fi gure  S 4)  cu rved  r e f r a c t i n g  s u r f a c e s

whic h focus the  li g h t on the re t ina  m a y  be r e p r e s e n t e d  b y a s i n g l e

t h i n  lens p l a c e d  a foca l  leng th , f , in f r o n t  of the r e t i n a .  In F i g u r e

S -4  s is  the  d i s t a n c e  along the op tic axis f r o m  th is  e f f e c t i v e  th in

lens to the e f f e c t i v e  point sou rce  and  s ’ is the d i s t an c e  f r o m  the

e f f e c t i v e  t hin lens to the point  s o u r c e  image .  F rom the ri ght t r i a n g les

d e f i n e d  b y t h e  point s o u r c e , point  s o u r ce  i m a g e , op t ic  ax is , t h i n  lens

plane , and the  r e t i n a l  p lane , we have  the fo l lowing  two r e l a t i o n s

( s e e  F i g u r e  S 4) :
t a n  B ’  (5 12)

a rid

~~~‘ 
~~~ , (S 13)

w h e r e  B ’ is the ang le that the boundin g rays make w i t h  the op tic axis , p is

the  c o r n e al  spot s u e  r a d i u s , ~ is the re t ina l  spot  s ize  r a d i u s , and  s ”

s ’ — f . F r o m  t h e s e  two equat ions  we g e t :

s • ’ 5
t a n 8 ’  (S 14)

5

Now f r o m  the t h i n  lens f o r m u l a :

~~ + - i— =  ~~ 
(S 15)

S 5 ’ 1
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which  y ie lds
s ” s

f = — ---- • (S l(’ )
S

If we s ub s t i t u t e  this e x p r e s s io n  f o r  f i n t o  e q u a t i o n  S 14 we ge t :

f t an  
• 

(S 17)

For  sma l l  B ’

0 = f B ’ (5 18)

No te  that  the two methods  of c a lc u l a t i n g  r e t i n a l  s pot s iz e  give the

same  equat ion  (E quat ions S 11 and S 18) . The ca l cu l a t ed  spot  s i zes

a r e  the same onl y if we d e f i n e  e’ to be the  s ame  as B d e f in e d  in

e q u a t i o n  S 10 and  Fi g u r e  S 3 . Th us , t h e  e f f e c t i v e  p o i n t  s ou r c e , r ay

t r a c e  ca l cu la t ion  of l a s e r  beam r e t i n a l  spot  s iz e  in  an e mm e t rop ic

eye is d e p e nd e n t  on how we d e f i n e  t h e  bounding  r a y s .
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PA R T  11

lI -A IN T R O D U C T I O N

A n  invest igat ion into the e f f ec t s  of u l t ravio let  ( l iv)  l a se r

i r r ad ia t ion  on ocular  media was ini t iated dur i ng the t h i r d  qu a r t e r  of

the cont ’-act yea r . A numbe r of UV l a s er  sys tems  a re  c u r r e n t l y

c o m m e r c i a l ly available and widespread  use of these , and s y s t e m s

still under development is ant ici pated in the near  f u t u r e .  Al thoug h

the inhe rent  sensi t ivi ty  of biolog ica l systems to U V  rad ia t ion  has long

been reco gnized , the safe ty s ta nda rd s developed for  n o n - c o h e r e n t  U V

sources  are  min imal  and did not an t ic i pa te the range  of pa rame ters

associa ted  with l a s er  systems . I-~o r  examp le , the re is l i t t le  bas is  for

meaning ful safe ty  standards fo r  such s i tuat ions as hi g h in tens i ty ,  s h o r t

• pu lsewidth  UV exposures  or repet i t ive pulse exposures . There f o r e .

there  is a cr i t ical  need for  ana lyzing the nature of the damag e that  UV

(II ~~ l a se r s  can cause in l iving matte r and for providing guidelines for p ro-

tection against such damage. The need is especiall y acu te with regard

to ocular  expos ures where  g i-ave personnel  hazards  are c rea ted  by

low damag e th resho lds  coup led with the hig h potent ia l  f o r  acc identa l

exposure due to the victim not having any immediat e ph ys ica l  awareness

o f the exposure .

The UV segme nt of the e lect romag net ic  spec t rum is somewhat

a r b i t r a r i ly divided into th ree  wave leng th  reg ion s which in common

te rminology are  called the nea r  UV ( 3 0 0-4 0 0  r im) ,  f a r  U V  (2 00-300  tim )

and vacuum U V ( 4 - Z 0 0  nm). Th is inve st igat ion will deal spec i f i ca l l y

with ocular  hazards  f rom near liv and f a r  UV radiation . Radiation in

these wavelength reg io ns is abso r bed by a number of chromop hor ic

si tes of p ro te ins an d nucle ic  acids . These chromop h ores belong to

the c lass  of “a roma t ic ” molecules  which are charac te r ized  b y delocal i-

za tion or shar ing of e lec t rons  by several  chemical  bonds resul t ing  in

low- lying electronic ene rgy  levels.

I
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The amount of e n e r g y  of a s ing le photon in  the near  o r  fa r  IJV

wavelength rang e may be such tha t it can p romote  an e l ec t ron  of the

abso rb ing  aromatic chromop hores  to an exci ted  ene rgy  level.  The

excited state which the absorbing molecule then f ind s i t s e l f  in  is a

hi ghl y labi le  s tate f rom which the molecu le  may engage  in any  n u m b e r

of chemical reac t ions  with its mo lecu l a r  nei ghbo r s . The r e s u l t i n g

photo-induced products  may  be inc ompatible  wi th  the n o r m a l  f u n c t i o n i ng

of the exposed sys t em arid may , in time , lead to some biolog ical damage

whic h is obse rvab le  on the m a c r o s c o pic level .

The photochemical  damage mechan i sm appe~ s to be most

e f f i c i e n t  in the wavelength rang e of 260 to 280 nm where  many  l i v ing

sys t ems  exh ib i t  maximum sens i t ivi ty  to U V radiat ion . Th is  waveleng th

rang e coincides with the fi rs t absorpt ion  bands of the c h r o m op hor i c

absorb ing  sites of all prote ins  and nucleic  ac ids . The p hotochemical

m~ chanisrn is the dominant source  of rad ia t ion  dam age onl y ove r a

l imited waveleng th range which is t en ta t ive l y e s t ima ted  to be 200- 340

tim. At longer  wave lengths, the e n e r g y  of a sing le photon is not suff i -

c ient  to induce exci ted e lec t ronic  s ta tes  in the no rma l  c o n s t i t u e n t s  of

pro t e ins  and amino acids . At  shor te r wave leng ths, r ad i a t i on  is no

longer  se lec t ive ly absorbed  b y the photosensi t ive  a r o m a t i c  ch romop hores

but , rathe r , is abso rbed  b y a muc h l a r g e r  numbe r of s i te s in the biolo-

g ical m ate r ia l , many of wh ich  are more photo - re s istiv e than the aroma-

tic molecules and may d i sperse  the absorbed  e n e r g y  in a less damag ing

m a n n e r . At the same time at s t i l l  shor te r waveleng ths ion iza t ion

become s the dominant fo rm of radia t ion  damage. Since an ex tens ive

l i t e r a tu r e  is available on ioniz ing  radiat ion and soph i s t i ca t ed  models

have a l ready  been developed to deal with t h i s  aspect  of radia t ion damage ,

it is not cons ide red  fu r the r h e r e i n .

In th i s  repor t  the a b s o r ption p r o p e r t i e s  of the components  of

the pr imate eye are re viewed and used to antici pate potential  damage
rh1

~ sites f rom radiation in the wavelength  range 2 00 -400  tim . The c e l l u l a r
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s t r u c t u r e  of the cornea is d i s cus sed  along with the m o l e c u l a r  composi-

tion of the va r ious corneal l aye rs . (UV damage over most of the 200-

400 nm range is res t r ic ted to the cornea) .  Absorption prope rtie s of

individual aromatic molecules are presented and absorp tion of U V

radiation b y l iving t issue is exp lained in terms of these molecular

proper t ies . T he formulation of a quant i ta t ive  model for  the p hotochem-

ical damage mechanism is begun throug h a considera tion of the e lec t ronic

ener gy level scheme s associated with aromatic molecules and the k ine t i cs

involved with UV-induced  transit ions between the ene rg y l eve l s .

In the d i s c u s s i o n s  of the above top ics s eve ra l  i n s t a n c e s  a re

pointed out where cu r ren t l y una va ilable experimental  data would aid

in the unders tanding of some aspects of UV radiation damage and in t h e

q uantitativ e fo rmula t ion  of this  problem . The last section of th i s  r e p o r t

su mmarizes  the experiments  proposed to genera te  the needed data .

•
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t i -B UV A B S OR P T I O N  BV ’r lIE P R I M A T E  E VE

The transmis sion of the indi v idual ocular media of p r i mate eyes

has been dete rmined b y Boe tt ner ’ for wavelengths of 22 0  nm throug h

2 . 8~j. Data from reference 1 has been used to plot percent absorp t ion

vs . wavelength for the cornea, aqueou s hum or , lens and v i t r e o u s

humo r of the  rhesus  monkey  ( F i gu r e  1) and the human  ( F i g u r e  2 ) .  The

comp osi t ions  of the rabbit , rhe sus and human co rn eas  are  ve ry s i m i la r .

Unless  o the rwise  s tateds d i s c u s s i o n  of p roper t i e s  of the cornea  will

app l y to all of these species .

I t is seen that the cornea a b s o r b s  v i r tu a l ly all i n c i d e n t  r a d i a t i o n

bel ow 280 n m . Above 280 tim, the co rnea become s par t iall y transnuissive

but the lens continues to absorb quite strong ly throughout the remainder

of the L V . The low percentage  of near U V  radiation which is t ransmi t ted

through the lens will be absorbed by the pigme nt ep ith el ium layer of the

re t ina .  The aqueous and vitreous humors are relatively ineffective

a b s o r b e rs except  at waveleng ths which  do not reach them due to s c r e e n i ng

t ( r io r  comp onents  of the eye .

Ocular damage from far UV radiation is expected to be restricted

t o  the cornea.  Fur the r , ove r most  of the far  UV les ions  appea r  onl y

in the corneal  ep ithelium which comprises  approximatel y the outer

I U ’  of the total thickness of the cornea . Fi gure  3 i l lus t r a t e s  that the

ep it hel ium layer absorbs  most of the incident radiation below 280 nm .
2

The act ion spectrum f o r  photoke ratitis in th e rabb i t ey e due to

exposure to non-coherent U V radia ti on is sh own in Fi g u r e  4~3 No com-

parable  data is available for  expos u~’es to coheren t  UV radiat ion . Theo-

ret ical ly ,  t he r e  is no basis for  expecting di f f e r e n c e s  in the in te rac t ions

of UV radiation with living matter due to the p rope r ty  of coherence .

h owe ve r , it is a necessary first step to establish comparable threshold

data f or at least  severa l diff e r e nt waveleng ths to show that, in fact ,

the same mechanism for damage is operative in both cases .
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Althoug h ep ith elial radiation dama g e ma y be temp o r a r i l y incapa-

citating , it is completely repairable and full v isual  recovery  is ach ieved

in a matte r of days . At somewhat hig her i n t ens i t i e s  of i n c i d e n t  UV

radiation , lesions may also be f or med in the pos te r io r  l a y e r s  of the

cornea.  Such in jury  usually results  in scar formation and the resulting

opaci ties , if of suff ic ient siz e , cause permanent loss of visual acui ty .

Thus , at uv waveleng ths where the ep ith el i um is par t ia l l y t r anspa ren t .

it is of cons id e r a ble impo rt a nce to de ter mi ne an action spectrum f o r

corneal  s c a r r i n g . Ouantitative data fo r  thi s type of damage has not

appeared in the lite r ature .

T he lens will absorb most of the IJV radiation which is trans-

mitted throug h the cornea .  In addi t ion to the a romat i c  molecules foun d

in the cornea , the lens contains a yellowish pigment which  has an

• absorption peak in the near UV.4 The optical densi t ies  of the lenses of

several species have been measured  and the r e su l t s  fo r  the rhesus

monkey and the human are  seen in Fi gure  5 . Absor ption maxima are

foun d at 366 nm and minima at 320 nm. The minima allow approximately

l~~ of the li ght  incident upon the cornea to be transmitted directl y to th e

retina at 320 n i-n . A similar per centage of incident radiation reaches

the re t ina  at 400 tim. Above 400 nm thi s percentage increases  ve ry

rapidly with wavelength .

Since most  of the incident  radiat ion at 366 nm i s  absorbed  by

the lens it seems reasonable to ask if the lens is the p r ima ry site of

damage f rom radiation of this wavelength. If so , over what waveleng th

range is the lens the most  sensi t ive component of the eye?  Unfor tuna te l y ,

there is little quantitative data available on 1enticu ~I a r  damag e in the

near UV.  Broadband i r radia t ion in the vic inity of 300 nm ind ica tes

comparable th re sholds for lent icular  and corneal  damage when using

a revers ib le  lens clouding as a damage cr i ter ia .5 The onl y u sef u l p iece

of data , however , is a resul t indicat ing that the threshold  for  cataract

formation at 325 nm is roug hly eig ht times the threshold value of 31 . 6
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FIG U R E  11-5 . DENSITY S P E C T R A  OF PR IMATE LE NSES
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joule/cm
2 found for  co rn ea! damage at this  waveleng th .6

On the basis of the preliminary results for 325 nm rad i a t i on , it

might well he expected t ha t  the lens will have a lowe r threshold for

Carnage than the co rnea  at 366 nm. More  of the incident  rad ia t ion  is

transmitted throug h the cornea at 366 tim than at 325 nm and t h e  radia-

tion which reaches the lens is abso rbed more s t rong ly at 366 tim .

Quanti tat ively the absorpt ion cha rac t e r i s t i c s  ( F i g u r e s  3 and 5) can be

used to predic t a dec rease  b y a facto r of 6. 9 in the  r e la t ive  th resho ld s

for lenticular to corneal damag e in go ing  f r o m  325 nm to 366 rim . (This

calculation is only meaning ful  if the mechanism for  damage and its

efficiency does not chang e over the waveleng th rang e in quest ion . )

The r e s u l t mentioned above for lens damage at 325 nm repre-

sents a gross  fo rm of lens damage in that it is based upon observation

of ca ta rac t  for t-nat ion within a mat te r  of hours  a f t e r  i r r a di a t i o n . W ith

lower le vels of i r r ad i a t i on , cata ra ct format ion  may not he apparent

unti l many months afte r the  exposure  but the end resu l t  is s ti l l  s e r i o u s

ocu la r  damage.  Thus , it seems imperat ive  to give some c o n si d e r a t i o n

to the lens as a potential s ite for  damag e over pa r t  of the  n e a r  UV an d

to establish a suitable c r i t e r ia  for  pred ic t ing  long t e rm ca ta rac t  fo rmat ion .

With vi s ible li gh t . mos t  of the i n c i d en t  r ad ia t ion  is t r an s m i t t e d

to the re t ina  and the dominant mechanism for damage is be l i eved  to be

a the rmal e f f ect . As the wavelength is shortened to 400 nm and into

the near  IJV . the percentage of rad iat ion reaching the retina becomes

severely attenuated. Never the less , the retina may be the most sensitive

component of the eye over the neares t  segment of the UV (
~~ 

400 nm) .

In any eve nt, the threshold for retina l damage will vary considerably

with wavelength near 400 tim. This may be seen f r o m  Figure 6 which

shows that the percent of incide nt radiation transmitted throug h the

anterior components to the ret ina varies radical ly with waveleng th

near  400 nm~ ( By way of contras t  it is seen that there  is l i t t le wav e-

leng t h dep endence from 4 50 to 800 tim. )
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FIG UR E 11-6. P E R C E N T  OF C ORN E A L  I N D I G E N T

RADIATIO N T R A NS M I T T E D  TO R E T I N A
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W i t h  continuously tunable UV l a s e r s  available , it seems that

it would 1-Low be possible to dete rmine the wavelength dependenc e of the

retinal threshold level in the vicinity of 400 nm and to dete r m i n e  the

wavelength where  the  re t ina  ceases to be the most  s e n s i t i v e  componen t

of the eye and where the cornea or lens becomes more sens i t i ve . The

need for dete rmining the wavelength range  ove r which  each comp onent

of the eye is the most sensitive is quite basic now that tunab le  l a s e r s

are  comme rcial ly available . Consi der  that the accepted allowable

exposure levels are based on the assump tion of a ce r t a in  mechanism

occur r ing  in a cer ta in  component of the eye.  If , at the same waveleng th ,

a n o t h e r  component of the eye is sens i t ive  to the  i n c i d e n t  r ad i a t i on  (possi-

bly b y an ent i re ly d i f fe rent  mechanism for  d a m a g e ) ,  the s a f e t y  s tandard

may be comp le t el y meaningless or at least valid onl y ov e r  r e s t r i c t e d

r a n g e s  of l a se r  beam p a r a m e t e r s.
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li- C C E L L U LA U  COMPOSITION OF THE C O R N E A

A t r ansve r se  section of the human cornea is dep icted in Fi gu r e

7 . The human , rhesus  and rabbi t  c o r n e a s  are  quite sim J~~r except for

the absence of Bowman ’s Memb rane in the rabbi t

The su r f ace  or ep ithelial  layer  compr i s e s  abou t  i 0~ of the

total thickness of the cornea . A c l o s e_ u p  view (F i g ur e  8) shows that

the ep itheliun-7t consis ts  of f ive  or  six l ayers  of cells which a r e  divided

into three  ca tegor ies. A single layer  of basal or colum na r cell s lines

the pos te r io r  borde r of the ep ithelium . The nuc le i  of the  basal  cel ls

are oval in shape with their long axis perpendicula~ to the corneal

surface. Above the basal layer are two layers of polyhedral  cells

which are elongated and oriented paral le l  to the s u r f a c e .  Final ly,  the re

are three layers of squam ous cells which are more elongated than the

poly hedral  cells and also run pa rallel to the corneal  s u r f a c e .

All epithelia l cells are generated f rom mitot ic  divis ion of the

basal cells . Afte r being formed the cells are gradually pu shed upwa rd

to the cornea! sur face , chang ing in  si-tape and orientation during this

process . Upon reaching the surface the cell dies (in a matte r of one

day or so) and de composes , the debris being sloug hed off into the tear

la yer . The averag e cell l i fe  is approx imate ly six days .

The above considerat ions disclose that , if fact , there  is only

one type of cell in th e corneal  ep i the l ium . The cell s may chang e the i r

posi t ions  and shape s du r ing  th e six da y life time but the molecu la r  com-

posi t ion remains basicall y unchanged.  It may be ant ic i pated the re fore

t i-tat the ba sal , poly hedral  and squamous cells will all show the same

sensi tivity to U V ra di ation .

The corneal  ep it heliurn exhibi ts  ve ry grea t  re c upera t ive  powers .
I - Even if the entire  ep ith elium is st ripp ed off , a comp le te new layer  of

bas al ce lls may he regenera ted  within 24 hours , b y mul t i p l icat ion of the

per ip heral conjunctival  cells , In several  weeks thi s sing le la yer
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develop s into a comp lete  epi thel ium .

Al though no repai r  mechanism, per  say , has  been iden t i f i ed

in the ep itheli um , the normal cell replacement  rate must  be taken into

acco unt in the conside ration of repeated exposure s ove r a pe r iod of time .

- :  Th e ave rag e cell li fe is six day s , d uring which the cell t rave ls  f rom its

bi r th place in the basal layer  to the surface  where it dies and is sloug hed

off .  Since this involve s t raversal  of fiv e or six layers , the cell  spends

roug hly one day in each layer . Thus , threshold  radia t ion  damage , if

res t r ic ted  to the ou te rmos t  l aye r  of cells would be completel y obscu red

within  one day simpl y b y the normal cell rep lace ment p rogress ion .

Dama ge pe ne t rating the e n t i r e  e p i thelial layer could be completely

“ repaired ” in approximately six da y s by th e same repl a c e m e nt proces s.

If . in addi tion , there  i~ a repai r mechanism operative within individual

cells the observed  repair rate may be more  rap id than the replacement

rate . Any cellular repair mechanism which could be ident i f ied in

damaged ep ithelial t issue would prov ide invaluable in format ion  regard ing

the nature of the molecular  lesions which lead to obse rved  macroscop ic

da mage.

The stroma account  for  )0~ of the thickness  of the cornea ,

A c ro s s - s ec ti ona l  view such as that in Fi gure  8 show s tha t the s troma

is made up of lamcllae or fiat sheets 1. 5 to 2 . 5h~. t i -t ick r u n n i n g  pa ra l l e l

to the cornea l  sur face .  The human cornea conta ins  over  200 such ove r-

lapp ing lamellae . The lamellae a re  composed of col lagen f i b r e s  whic h ,

within any g iven shee t , run parallel  to each other . Adjacent  layers  have

their f ibres  oriented in perpendicular  direct ions .

H An occasional cell is foun d ly in g wi t h i n  the lamellae . These

cells are  usual ly  flattened and have en la rged  nucle i  and “ br a n c h e s ”

whic h connect to neigh b o r i ng  cells . However , the strozna is bas ical l y

a s t ruc tura l  rather tha n a cellular medium and obse rvab le  radiat io n

damage appears to involve disrupt ion of the collagen f ib re s  r a the r  tha n

of the occasional  cell. Des t royed  col lagen f i b r e s  can be rep laced in the

4
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s t roma but not neces sa r i ly  with the proper  or ienta t ion so that a per~
nament opaci ty or scar r ing  resul ts .

Bowman ’ s and Descemet’ s membrane s are merel y ex t e n s i o n s

of the s t roma and also composed mainly of collagen f ib r e s . T h e  chief

d i f f e r ence  be tween the three layers  lies in the o r d e r i ng  of the f i b r e s

within each la > e r . The endothelium is a sing le la yer  of cel ls  with

abso rption p roper t i e s  similar to the anter ior  layers of the co rnea  and ,

h enc e , f a i r ly well shielded f r om th e most damag ing forms of radiation .

i~ rom the above it is seen tha t  for  purposes  of cons ide r ing  UV

radiat ion damage , the cornea may be th oug ht of as bei ng composed of

two la y e r s :  th e epithelium or cellula r laye r and the stroma ( inc l uding

I • Bowm an ’s and Descemet’ s membranes )  or s t ruc tu ra l layer . Epithelial

damag e is ap pa r en tly comple tel y revers ib le  wi-tile s t ronial  damage

resul ts  in permanent  scar ring. The action spectrum of Fi gu re 4 shows

the wavelength dependence f o r  epithelial damage. Little is known about

the wavelength dependence of s t romal  damage or fo r  that matter  about

the threshold for  stromal damage at any wavelength . W I-tile the threshol d

f or epithelial damage may be conside rabl y lower , i t  see ms des i r ab le

(bec aus e of its permanent  na tu re )  to also es tabl ish  a guide to radiation

levels which would induce stromal damage. It is i-tot c lear  that the

same ty pe of photochemical mechanism which accounts  for  ep ithel ial

da mage will be involved in strornal  damage but having comparat ive data

would aid in specif y ing the na ture  of the mechanisms in the two cases.
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I l - i)  N I O L E t U L A R COMPOSITION OF THE C O R N E A

As mentioned in the preceding section , the basal , poly hedral

and squamous cells of the ep itheliurn all have a commo n parenthood and ,

hence , a common molecular  composition. Water  make s up 8O’~’ of the

epithelium . Of the dry mate rial the composition found is 9
:

75”A p r otein

I l’~ li p id ( fa t )

5’~ glycogen ( c a r b o hy drate )

3 ’~ nucleic  acid

1’~ var ious  salts

The st roma whic h also has 75-80~~ wate r has the fol lowing

10
breakdown of d ry  mate r~al

pro te in

4~~ p o lysaccharide  ( c a r b o h y dra te )

I i  lip id ( fa t )

var ious salts

Of the stromal prote in , some 70~~ is the co l lagen  whic h makes

up the a r r a y  of f i b r e s . Onl y a t r ace  amount  of n u c l e i c  acid ( < 0 . 1’~ ) is

foun d in the s t roma and this is localized in the few ce ll s  i n t e r s p er s e d

wi th in  the col lagen lamellae .

In view of the function of the cornea it is not su rp ri s ing  that  it

co ntains no p ig men t s which absorb  visib le li ght. As will be s hown below ,

U V absor p tion b y the cornea is due to the absorp tion of c e r t ai n  consti-

tuents  of the p ro t e in s  and nucle ic  acids .  Since the nucle ic  acid content

of the s trorna  is neg li g ib le , absorp tion in that layer is due solel y to

p rote in . In the ep itheli um . the nucle ic  aci d absor ption is comparable

to pro tein abs orp tion ove r  muc h of the U V  ( d e s p ite the 25: 1 ra ti o of 
—

prote in  to nuc le ic  a c i d) .

(‘.~ 
In orde r to more ful ly c h a r a c t er i z e  the  inte raction of U \
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rad ia t ion  wi th  the cornea a b r ie f  rev iew is presente d of the m o l e c u l a r

composi t ion and absorp tion p r o p e r t i es of p ro t e i n s  and  n u c l e i c  acids .

For  f u r t h e r informat ion  the reader  is r e fe r red to seve ral s t andard

texts~~~~~
4 .

A protein is a linea r pol yme r of amino  acids . The repeat

sequence is i l lus tra ted in Fi gure  9. Some 20 amino ac ids  a r e  commonly

foun d in pro teins , dif fe  r ing only in the n a t u r e  of the side chain R (see

Fi gur e 9) .  Of the twenty, three  amino acids are  a romat ic  in n a t u r e  and

account  fo r  the UV absorp tion of p ro te ins . The s t r u c t u r es of these th ree

chromopho re s a r e  shown in Fi g u r e  10 . Several  o ther  amino acids  beg in

to absorb  in the v ic in i ty of 200 tim. In the vacuum U V all of the amino

acids as well as the bond s l inking them tog e the r a b so r b  quite s t ro n g ly .

The absorption spectra  of the aromat ic  amino  acids are  si-town

in Fig ur e  11 and the a b s o r ption spec t rum of a comm on p r o t e i n  ( s e r u m

albumin)  is include d in Fi g u r e  12 . This abso rpt ion  c u r v e  is  r epreSen-

tativ e of a lmost  all natural ly occur r ing p r o t e i n s . It is read i l y shown

ti-tat such a protein absorp tion c u r v e  can he c on s t r u c t e d  fr om the s p e ct r a

of the aromatic  amino acids . The major  f e a t u r e s  of the spec t ra  ( the

maxima near 275 tim and 225 nm and the min imum nea r 250 nm)  vary

slightly f rom pro te in  to prote in  d e p e n d i n g  on the  re la t ive  a b u n d a n c e  of

the aromat ic  amino ac id s in each case .

A nucleic  acid chain is a l inear  pol ymer of monomer  u n i t s  cal l ed

nucleot ides .  As shown in Fi g u r e  13 , a nucleotide cons i st s  of a sugar ,

a phosp hate g r o u p  and a “base” which is eithe r a pur ine  or p y r im i d i n e

der ivat ive  (F i gu re  14). The sugars  and phosphate s are  t r a n s p a r en t

above 200 nm and only the bases  account  f o r  the I)NA abso rp t ion  spect rum

shown in Fi gure 12 . There  are seve ral kinds of nuc le ic  acids  found in

the cell hut  all have similar bases with s imilar  absorp tion spectra.

T h e r e f o r e , the I)NA c u r v e  of F igure  12 is taken as r epresen t ing  the

absorption of all ce l lu lar  nucleic  acids.

I,
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FIGURE 11-10. A R O M A T I C  AMINO ACIDS
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FIG UR E ~~~ l l .  ABSORPTION SPECTR A OF THE

A R O M A T I C  AMINO ACIDS
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FIG UR E ~~~~- 12 . ABSORPTION S P E C TR A  OF

BIOLOGICAL M A C R O M O L E C U L E S
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The UV absorb ing  specie s in the cornea , then , have been ident i-

f ied as the aromatic  amino acids  of p ro t e in s  and the bases of n u c l e i c

acids .  In order to show that these components s a t i s f ac to r i ly exp lain

the observed absorpt ion spectra  fo r  the ep i thel ium and the en t i r e  cornea ,

theoret ical  absorption curve s can be cons t ruc ted :  The cons t ruc t ion  is

stra igh t fo rward  and exp laine d in A ppendix I . The ca lcula ted  and o b s e r v e d

absorption spec t ra  for  the corneal  ep ithelium are  compared  in Fi g u r e  15 .

A close f i t  is obtained over  the ent i re  f a r  UV . The fac t  that the o b s e r v e d

and predic ted curve s are not quite paral le l  and c r o s s  at 290 nm is  p ro-

babl y due to choosing a p a r t i c u l a r  p ro te in  containing a sli g htl y d i f f e r e n t

rati o of aromatic amino acids than the average  compos i t i on  f o r  the cell .

The absorp t ion  spec t rum for  the en t i r e  cornea  (F i gure  2) is

t r iv ia l ly repreduced  b y mere ly cons ide r ing  the a b s o rp t i o n  of a 500~j

thick pro te in  solution of the proper  concent ra t ion  ( app rox ima te ly  20% ) .

This shows a steep r ise in absorpt ion beg inning about 320 rim and

reaching 100% near  280 nm .

The ori gin of the res idual  absorp tion of the cornea  above 320

nm is not clear . The ext inct ion coe f f i c i en t s  of p r o t e i n s  and nucle ic

acid s a re  ve ry  low above 320 nm and have not been measu red  accu ra t e ly.

There  are undoubtedly t race  amounts of many other molecu les  in the

cornea  which may abso rb  in the 320- 400 nm range .  Because  of the weak

absorp t ion , relat ively hi g h levels  of incident  rad ia t ion  are requ ired  to

caus e observab le  damage in thi s wave leng th  range . W h e t h e r  the domi-

nant mechanism for  damage is photochemical  in na ture  or not is open

to speculation.

Because  the absorpt ion c o e f f i c i e n ts  of p r o t e i n s  and nuc le ic

acids vary cons iderably  with waveleng th in the f a r  UV , the f r a c t i o n  of

a b s o r b e d  ene rgy actual ly deposi te d at p ro t ein  sites o r  at nuc le ic  acid

sites is also strong ly dependent  on wavelength . 1-l owever , the relat ive

absorp t ions  of each species at any wavelength are readil y calculated
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FIGURE ~~~ 15 . AB SOR1~ TION S PE C T R U M  OF
CORNEA L EPITHELIUM ( R A B B I T )
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as de ta i l ed  in A ppendix 1. Rec i procals  of these absorp tions which

f o r  lack of a be t t er  t e rm will be called “ rela t ive t r a n s m i s s i o n s” are

p lot ted in Fig ur e 16. The reci proca ls  a re  chosen so that the curve s

ca~i be compared to the act ion spec t rum for  pho toke ra t i t i s  a lso  shown

in Fi gu r e  16 . It is seen tha t while proteins  contiflue to absorb  more

and more  of the inc ident  ene rgy  as the wavelength is lowered below 260

nm , the nucleic acid site s beg in to absorb less (despi te  the i r  hi g her

ext inc t ion  coef f i c i en t s  at sho rt e r  wave lengths )  because of the g r e a t e r

sh ie ld ing  e f f e c t  of the pro te ins,  In te res ting ly enoug h the ac t ion  spect rum

f o r  p hotokera t i t i s  (except for  the anomolous peak at 250 nm) run s roug hl y

para l lel  to the nucleic acid relative t r a n s m is s i o n  c u r v e . This  taken

t og et h e r  wi th  many in v i t ro  and in vivo studies  of photochemica l  damage

to biolog ical sys temsl 5_ 16  g ive s ind i rec t  s upport  to the iden t i f i cat ion

of nucleic  acids  ( in par t icu la r  the evidence points to the I)NA of the

ch romosomes )  as the pr i m a r y  s i tes  fo r  photochemical  damag e which

lead to cell death .
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f..’ I I-E  MOLECULA R E L E C TR O N I C  E X C I T A T I O N

As imp lied prev ious ly ,  radiat ion of waveleng ths in the near and

fa r  UV can  induce a var ie ty  of photochemical  reac t ions  in the cornea

and possibl y in other comp onents of the p r i m a t e~ eye. Such radia t ion

is absorbed  by aromatic chromop hores  found in p ro t e ins  and nucle ic

acids and can promote  an e l ec t ron  of these  molecules  f r o m  its un-

p e r t ur b e d  state to a molecula r orbital  of hi g her energy .  The absor-

bing species  then finds i t se l f  in a hig hly labile  s ta te  f rom whic h it

may enter into a chemical react ion with a molecular  nei g hbor  us ing

its excess  e lec t ronic  energy ,  in a sense , as an activation ene rgy

for  the reac t ion.

The number  of mo lecu la r  les ions  fo rmed  via photo - induced

chemical r eac t i ons  will be propor t i ona l to the number  of a b s o r b i n g

sites which are  promote d to the labile exci ted s ta tes , It is the pur-

pose of this sec t ion  of the repor t  to der ive  e x p r e s s i o n s  f o r  the popu-

lat ions of the exc i ted  state s as func t ions  of the parame te r s  of the

exci t ing  beam .

A gene ral molecula r  e l ec t ron i c  e n e r g y  level d i ag ram is shown

in Fig u r e  17 . S0 r e p r e s e n t s  the unpe r tu rbed  or g r o u n d  state of the

molecule  S~~, S2 . . . r ep r es e n t  a serie s of excited e l e c t r o n i c  s ta tes

of success ive ly highe r  energy .  T 1, T2 . . . r ep re sen t  another  se r ie s

of exc i te d s tates which , unl ike the S state s , have a n o n - z e r o  e l ec t ron

spin assoc ia ted  with them . The reason that two (and onl y two) ser ie s

of exci ted s ta tes  mus t be cons idered  when an e l ec t ron  is promoted

• to a hi gher  ene rgy  level is , b r i e f l y, as follows: E l e c t r o n  sp ins may

be t reate d as vec to r  quant it ie s W cons t ra ined  to tie along a pa r t i cu l a r

molecula r axis . In the groun d s ta te , S0, all e l e c t r o n s  of the mole-

cul e a r e  pa i r ed  and the sp ins of each pai r  ali gned in opposi te  direc-

t ions~ ~~ so tha t the net sp in of the molecule  i3 zero . When an

e l e c t r o n  is promoted to a hig her energy  level one pa i r  of e lec t rons

• 92
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i s  d isengaged and no longer r e s t r i c t ed  to point  in opposite d i rect ions .

if t h e or i g inal sp in co nf iguration , ( t i )  is , in fac t , mainta ined , the

exci ted s tate is a sing let or S state , as is the g round s tate . Howeve r ,

the two unpaired electrons are now f re e to choose a paralle l conf ig-

urat ion ( t  t ) ,  in which case the excited state is a t r i plet  or T s ta te .

Fi gure 17 show s that at hi g her  energ ies the spacing s between

adjacent levels becomes less and less until f ina l ly a cont inuum of

ene rgy stat es is reac hed . This continuum represents  the unbound

or ionized s tate of the e lec t ron . In general , the e n e r g y  of a p h oton

associated with wavelength s g r e a te r  than 200 nm is not sufficient  to

ca use ionization in an aromat ic  molecule. The UV absorption spectra

of these molecules are  due to the electronic t rans i t ions  S0 -. S i ,
S0 

—. S2, e tc. Absorp tion may also occur f rom S0 to any t r i ple t stat e

b ut the ext inct ion coeff icients  for these transi t ions are so low that

the y do no t contr ibute  any measureable  intensi ty to th e a b s o r ption

spectra.  (Ouantum mechanicall y these are spin forbidde n t rans i t ions . )

Because the density of levels  is g r e a t  at hi g h er ener g ies , the

probabi l i ty for  spontaneous emission is hi gh (th e energy  may he

e ff i cientl y d i spersed  ir ~ small pac ke t s) and th e l i f e t imes  of S2 . T 2
and all hi gh er  l ying electroni c state s are  very  shor t  (p icoseconds or

less) ,  If a molecule  fi n d s i tself i n ~he S
~ 

or T 1 state , howeve r , there

• is a re la t iveiy  large ene rgy gap down to the ground state and the

p robabil it y for spontaneous emis s ion is relative ly low so that S~ and

• T 1 may have conside r ab ly longer l ifetimes . Lifetime s of S 1 states

are  commonl y of the order  of nanoseconds and T 1 s tates of the orde r

of mic rosecond s in solutions at room temperature .

• The si gnif icanc e of the excited state l ifetime s is simp l y that the

l i fet imes of the hi g her lying electronic state s are  too shor t  to engag e

in chemical react ions with the su r round ing medium . (Intermolecula r

collision rates are dif fu s ion controlled processes and of the orde r of
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10 ’0 sec in solu tions) ,  Therefore , no mat ter what state the mole-

cule is or i ginal ly excite d to (shor t  of d i r ec t  ionization) the most  l ikel y

result is that the molec ule will pa r tial ly dispe r se the absorbed ener gy

and drop down to either the S 1 or T 1 s tate before any other process

can occ u r . Chemical reactions may then proceed f rom these states .

For our purposes , the refore , it is su f f i cient to consider  the

elec troni c energy level diag ram to consist  of three levels. Th i s

system along with the rate constants for  t ransi t ions  between the

levels is shown in Fi gure  18. Th e absorp tion p rocess  is r ep resen ted

b y a  rate  constant C ( \  )I where C(~~) is the molecular  cross  section

for absorpt ion (a wavelength depend ent te rm)  and I is the in tensi ty

of the excitatio n source.

Some rate cons tants for excited states of protein  and nucleic

ac id components are reported in referenc e 17 . For these molecules kf
and k are of the orde r of J 0 9sec~~ and k of the order  of lO 6 sec ’.

~~~~ C p
These fi gures  are  for  .3olutions at room tempera ture .  In r ig id med ia

k f and k are usua l ly unchanged but k may be severa l o r d e r s  of

magnitud e less . For the mos t part  the protein  and nucleic  acid

con sti t .ten ts of cells are effectively in aq ueous solutions . This  may

no t necessar i ly be t rue for s t ruc tura l  protein  such as the col lagen

f ibres  of the strorna. In cons ide r in g photochemical mechan isms  in

s uch m edia th is wide ran ge of possible value s fo r  k~ should be kept

in mind.

The remaining rate constants of Fi gure  18 r ep resen t  the various

pr ocesses  f o r  photodamage. k 5 and k t are  the rates for spontaneous

generat ion of molecular lesions ( throug h chemical react ion)  f rom the

S 1 and T 1 state s respect ively. C~~’X ) I and C~ p )I are the rates for

absor ption of a second photon , which may resu l t  in ionization .

Cuantum yields for  photodamage (i . e . ,  the number  of molecular

lesions formed divided b y the numbe r of p hotons absorbed)  are very
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small for  the cases  conside red here , be ing of the o rder  of 10 or

less fo r  pro teins , nucle ic a cids , and the i r  cons t i tuen t s . This im-

p lies that the rate constants leading to photo damage a re  much smaller

tha n the rate cons tants for t ransi t ions  b etween the e l ec t ron ic  e n e rg y
• levels . Therefore , these rate constants  are inilially negle c te d and

la ter  t reated as pertubat ions to the rate equat ions  solved below .
If S0( t ) ,  S 1 ( t ) and T 1 ( t)  are taken as the time dependent  popu-

la tions of the S0, S 1 and T 1 s tates respect ively,  the ra te equations

for the populat ions are:

d S0
(t )

dt -C( ~~) I S
0

(t )  + k f S 1 (t)  + k~~T 1(t)

d S 1
(t )

dt C ( \  ) 1S0 ( t )  - (k1 + k ) S 1 (t)  ( 1)

d T 1 (t )  
k~~

S 1( t )  - k T 1(t )

At any g iven time the sum of the three popula t ions  w i l l  be :

S0 (t) + S 1( t )  ~ T 1(t~ = N ° (2 )

whe re N ° is th e to tal nu mber of mo lecule s .

Th is rela t ionship can be used to eli minate  one of t he  va r i ab le s ,

say S0 (t ) ,  from Eq. ( 1) to y ield:

dS 1
( t )  

0
dt 

= C (X ) l I~ - C ( X ) 1 T 1 ( t )  - tkf + k~ + C(~~) I J S 1
( t )

d T 1
( t )  ( 3 )

dt k~~S 1(t )  - k.~ T1 ( t )

A gene ra l  solution for 1q .  (3)  can be found b y e s t ab l i shed
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mat hematical  techni q ues 
18 The resul t  which is d i s cus sed  in fu r the  r

detai l  in Append ix II is of the form:

S 1 (t) = c
1
e 1 + c 2e ‘~ + m

• (4)
k k

X l t ( C X 2 t c
T1

(t)  c 1e \ +k _~ 
-f c

2
e 

~ 
+ I~

1 p 2 p

where c 1, c 2 ,  n and m are constant s which are determined f rom

bounda ry conditions . \ and are the rj o ts  of the quadratic secular

equation resul t ing f rom Eq. (3 ) .  As seen in Appendix U , and ‘ 2 ~~

well as the constants are each funct ions  of C ( \ )  and 1.

If the production of photoproducts  proceeds  spontaneous l y f rom

the S1 a n d / o r  T1 
states the number of molecula r lesions f o r m e d  wil l

be proportional to the integra l over all t ime of S 1
( 1) a n d / o r  T1 (t ( .

(.~ If photodarnage occur s throug h the mechanism of absorp tion of a

second photon the number  of molecular lesions formed will be pro-

portional to the integral o v e r a l l  tim e of C 5PJ I S 1
( t ) a n d/ o r

T
1

( t ) ’9 ’ 20 . The intensity, I , is imp licitl y a funct ion  of t ime but  is

general ly  taken to be a constant  for the durat ion of the pulse , T , and

ze ro o therwise .

In pr i ncipal , there fore , the exp lici t  depen dence  of the n u m b e r

of molecula r lesions on the intensity , waveleng th ( throug h C ( \  ))  and

p ulsewidth (as a cons tant of integ ration) is known . As can be seen

f rom Appendix II , the dependence on I , T , and C ( \ )  is ex t remel y

complica ted. H owever , relativel y simple express ions  can be derive d

in certain l imits which cover  most experimentally int e res t ing  condi-

tion s.

It has a l r eady been pointed out that the proper t ie s of the mole-

cules  being considered here  are  suc h that k is much less than k
p C

and k1. It will be assumed that the rate constant  CP~) I is small 
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compared  to each of the othe r rate constants , Equivalently sta ted ,

it is assu med that there  is no appreciable pop ulation invers ion  be-

tween the ground and S 1 or T1 state s . From a br ie f  consid e ration

of the molecular  propert ie s , it is anticipa ted that this  assumption

will be valid outside of the 0- switched laser  reg ime .
Wi th neg l i g ib le pop ulation inversion , the express ions  for  S1 (t)

and T1(t) red uce to:

S 1( t ) ~~ s 1
0 

[i - 
- ( k 1+k ~~t ~

(5)
O r  -k t iT ‘ l — e  P

where S 1
0 

and 11
0 are the steady sta te populations which woul d be

reach ed with cons tant i l lumination, (see A pp endix II) .  Thus , the

pop ulation S 1 ( t)  approaches the steady state value exponentiall y with

a time constant  
k k and T

1(t )  app roaches s tead y state with a
f + c

time constant  —

W i t h  E q. ( 5 ) ,  the analysis  for eithe r a s ingle  pulse  or a general

t ra in  of pulses becomes st rai g htforward.  Cons ider  f i r s t  a sing le

pulse having a pu lsewid th. r , much  greate r than 
~~~ 

, (Genera l l y
P

this w i ll mean r >  1o 6 sec . However , as exp lained abov e , in cer ta in

media 
~~~~~~

- may be several o rders  of magnitude la rger . )  In this cas e ,

the steady state populations wil l  be reached and maintained throug hout

the durat ion of the ir radiat ion . Wi th  the popu 1atio n~ taken as con s tants

t he in tegra t ions  over t ime become t r iv ia l . As shown in Appendix  LI ,

the number  of molecula r lesions f o r m e d  if the p liotodamage occurs

• d i recG y f rom t he and/ o r l~ s ta te s is th en l i n e a r ly propor t iona l

to the quantit ie s C ( X ) ,  I and - , J 1o~v e v e r , if the photodamage occurs



only after absorption of a second photon the number of lesions forme d

is seen to be proportional to 12, i and either C5
( X ) C ( X )  or C~ (X)C(~

depending upon whether S1 or is the intermediate state. In either

• case , the amount of damage is proport ional  to 12 fo r  a two pho ton

process  and the wavelength depe ndence is more cornp lica ted b y being

a product of extinction coefficients for the two independent absorp-

tions. (Experimenta l data for C~ (
~ 

) and C t ( X )  is unavailable for

protein  and nucleic acid constituents . )

For a sing le pulse with -p~
-- > T > >  k f ~~~~~~~~~~ ( l O 9sec <<Tl, the

analysis fs the same as above for  photodamage proceeding throug h

the S
~ 

state . The 11 will likel y be relatively ineffect ive in contr ibu-

ting to photodamage in this instance since little population will

acc umulat e in T1 with such a shor t  pulsewidth .
• For a pulsewidth less than kf -

~~ 
k~ 

( less  than a nanosecmd )

relatively little photodamage is like ly to occur  unless the intensity

of the radiation is sufficient to violate tF a~ ~ump tion of neg li g ible

pop ulation invers ion  between S
~ 

and S0. W hile the mathematical

sol ution of the problem may stil l be t rac table  wi thout  this assumptio n ,

there seems little incentive to pursue the more comp licated analysis

unless it can be experimentall y demonst ra ted  that the approximate

sol utions de r ived above do , in fact , break down in thi s l imi t ,

If instead of a sing le pulse , the exposure  consists  of a t ra in  of

n pulses  of intensi ty  I~ and pulsewid th r~ the total number  of molecular

les ions fo rm ed by the train will be proportional to~~ Ijj~ f o r  damag e

occur ring d i r ec tl y f rom the S~ or T1 state s and propo r tional to

~ 
I~~T~ for lesions occurring following absorption of a second photon .

The only requirement on the time interval  between successive pulses

is that it be long enoug h ~~> j~
- )  for all excited molecules  to re turn

• to the ground  state following each pulse.
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A simple exper iment  may be proposed to d i s t inguish  between

• the two mechanisms dis cussed above. Let the wavelength and the

pul sewidth be fixed and be the intensit y required for  threshold

dam ag e f rom a single p ulse at the g iven ~ and T . Th en for a se quence

of n identical pulses  the intensity re qu ired f o r  th reshold dama g e will

• be ITH /n if the mechanism for photodamage is tha t of genera t ion  of

molecular lesions dir ec tly from the S~ and/ o r T1 s tates . If the mec h-

an ism is that of absorption of a second photo n , the threshold intensi ty

for a sequence of n pulses will be ITH /~J~~ Thi s anal y sis wi ll be

valid at any wavelength whe re photo chemistry  is th e domina nt damage

mechanism. In fac t , even for more closel y spaced seq u ences of

p ulses , the dependence of the number of lesions forme d on I will be

the same as above . The depende nc e upon the pulsewidths will be

cons iderably more complicated sinc e T will appear in the exponential

ter ms of Eq. (4 )  a f te r the integrat ion ove r time is ca r r i ed  out .
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I l-F  SUMMARY OF PROPOSED E X P E R I M EN T S

Fi gure  4 i l lustrates an action spect rum for threshold  damage

in the cornea l ep ithelium caused b y a non-cohe ren t  rad ia t ion  s o u r c e .

It covers the far  UV wavelength range.  No co mparable  data is

avai lable  f o r  damag e from cohe rent  radiation sources . Fu r t h e r .

littl e quantitative data is available for  ocular  radiat ion damage

in the near  UV and it is not c lear  which componen t ( s )  of the eye

have the lowest  damag e threshold in this waveleng th range.  Where

s tudies have been published of ocular damage from UV radia t ion ,

no more  than brief  speculat ion is provided as to the nature of the

mechanisms involved.

• It is sugges ted  that a suitable s ta r t ing  point  for  the exper imenta l

a spects of the cur ren t  program would be the genera t ion  of data for

ep it helial damag e f rom UV lasers  which would be comparable to

the data for non -cohe ren t  radiation represented b y Fig u r e  4. This

i s the f i r s t  on the list of pro p osed experiments which follows .

The remain ing  e x p e r i m en t s  are  placed in the o rde r  in which they

were r e f er r e d  to in earlier  sections of the repor t with no p r i o r i t i e s

implied by the orde r ing .

1) Corneal epithelial damage from UV l a s e r s ;  compar i son

with non-cohe rent  UV radiat ion:  Experime ntally it must  be estab-

lished whether  or not the physical  appearance of the les ions  caused

by f a r  UV lasers  is similar  to tha t for  non- coherent UV radiat ion ,

whether  the same end points can be used to def ine threshold  damag e

• in the two cases and whe the r  the measured th resho ld  exposure  levels

a re s imi l a r .  Pre l iminary  exper iments  while compar ing th e two

• cases  w ould al so at t empt to ident i fy  the end point which was most

qu a n t i t a t i v e l y  r ep roduc ib le  fo r  the case of coheren t  radia t ion .

Once a suitable end point is establ ished , threshold dete rminations

should be made for  several  d i f feren t  waveleng ths in the far  UV to
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co mpare  the wavelength  d ependenc e to that  shown in Fi g u r e  4.
2 )  Co rneal  s t romal  claniage f rom UV l a se r s :  Because  of the

pe rmane nt nature  of strornal le s ions , it i s des i reable  to e st ab l i sh
a guide to threshold levels fo r  the s t roma.  P r e l i m i na r y  exper i -
n ien ts would t ry  to define a su i tab le  end point ror this type of
damage. Eventually it is des i reable  to es tabl i sh  the wavelength
dependenc e for stromal damage for comparison wi th tha t for  ep ithe l-
ial da mage. Because  of the d i f fe rence  in composi t ion  of the two
layers  thi s comparison could hel p to resolve the ques t ion  of which
type of molecular lesion (protein or nucleic acid)  leads to the ob-
se rved  macroscopic damage in each case.

3) L en s da mage f ro m UV lasers :  A s disc u ssed ear l ie r th e

lens may be the most sensi t ive compone nt of the eye over par t  of
the near  UV . The most favo rable wavelength to test  this possibi-
l i t y is at 366 nm where the lens has an absorption maximum , Since
ca ta rac t f o r m ation can be a ve ry long te r m p rocess , some d i f f i c u l t y
may be encoun tered in defining an end point for thresho ld  damage .
It is suggested that for p re l imina ry  s tud ies  a poss ib le  eiid point
is the revers ib le  lens clouding which appears  five to ten days  af te r
ex posures  which lead to long term cataract fo rma t ion 5

, Once this
clo uding c l ea r s , no evidence of radiat ion damage is apparent  until

the c a t a r ac t  fo rms months or even several  yea r s la te r .
4)  W ave length dependence of retinal damage threshold  in the

near  U V :  As r eported in Par t  I the th reshold for ret inal  damage

does not vary  with waveleng th over  most  of the vis ible , Howeve r ,
as the wavelength is shortened to the visible - UV b o rd e r , the

amount of radiation be i ng transmitted through the an te r io r compo~
nen ts of the eye becomes severel y attenuated and the threshold for
re t ina l  damag e wil l r ise rap idl y. Since continuously tunable lasers
a re  now available in th is  range , this wavelength dependence could
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a n d  should be studied.

5)  C rossover  waveleng ths:  As a log ic a l ext ens ion of  t h e

expe riments outline d above it is noted that the cornea , re t ina and
poss ib l y the lens are each the most sensi t ive components  of the
e ye to radiat ions of d i f fe ren t  wavelength s . Set ting an allowable
exposure standard at any given wavelength m u s t  obvious l y involve
ident i f y ing the pr imary  si te  of damag e from radiat ion of that wave-
leng th and f u r t h e r  identif y ing the mechan i sm(s)  fo r  damage at that
site so tha t the dependence on the laser  beam pa rame te r s  may be

spec if ied , This will involve a ser ies  of observat ions at wavelengths

between 280 nm (where the cornea is the p r imary  da mage site and

a photuchemical mechanism is thoug ht to dominate)  and 450 nm

(where the retina is the most sensitive ocular component and the

damage mechanism is thermal in nature).

6) Repair mechanisms in the corneal  ep i thel ium:  The curn u-
lative e f f e c t  pre dicted for photochemical  damage is obv ious ly  valid
onl y over periods of time where no measureable  radiation repair

occurs . For the ep ithelium there is (at leas t )  an e f fec t ive  r epa i r
rate of the order  of one day due to the normal rep lace ment  rate of

ep it h elia l c e l l s . Whether  the re is any repair  mechanism ove r and
above this can only be de termined by experime ntal observat ion .
T hreshold de terminations for  exposures cons i s t i ng  of two equiva-

lent doses with a vary ing tim e interval between doses would be the

simp lest  expe rimental approach to this problem .
7) Cum ulative effect :  It appears tha t the most strai gh t fo rward

experimental  support  for the proposed photochemical model would

be ver i f icat io n of the predicted cumulative e f fec t . Fo r a series of

n identical pulses , the damage threshold is predic ted  to be eithe r

or ‘TH 1’/~~ 
where I~~~ is the threshold intensi t y f o r a
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s in g le p ul s e . Therefore , a series  of threshold determinat ions for

a sing le pulse and then sequences of 2, 3, 4.. . identica l p u l ses

co uld confirm the p resence  of the cum ulative e f f ec t  and also distin-

guish between the two typ e s  of  photochemical p rocesses  which

have been descr ibed,

Finall y,  there are  several  othe r exper iments  which may

even tually be of g rea t sign i f i cance  depending on the resu l t s  of pre-

l iminary studies outlined above . B riefl y ,  the s e  a r e :

8) Lase r microbeam exposure s to identif y the most sens i t ive

cell ular components under  va rious conditions .

9) Radiation damage dependence upon the d i rec t ion  of polari-

zation for  me d ia which may have or iented molecular cons t i tuen t s

(e . g. , the corneal stroma and the lens).

10) Studie s of lens damage resulting from heating effec ts

f rom expo s ures  of the iris to IJV laser  radiat ion .
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II-G A P 1 > E N I ) D (  1

MOLECULAR ABSORPTION IN TI~~ CORNEAL EPITJIELIUN4

The absorbance , A , of a so lu t ion  of concen t r a t i on  c and optical

pat h b is de f ined  as f o ll ows :

A = cb c  = log
10 

10/I ( 1 - 1 )

where  10 is the in tensi t y of the inc iden t  radia t io n and I is the i n t e n s i t y

of the t r ansmi t t ed  radiat ion . ~ is the molar  e x t i n c t i o n  c o e f f i c i e n t

p rovided tha t c is in units of moles per l i t e r  and b is in  u n i t s  of

centimete rs . The quant i t y A is a lso  r e f e r red to as ‘ op t ical  dens i ty ’ .

“ex t inc tion ” and “abso r banc y” .

If th e molecular w ei g ht of the abso rb ing  species  is unknown , it

i s s t anda rd  procedure  to repor t  the a b s o r b a n c e  of a 1 J fl (b y wei g h t )

solut ion with a 1 cm optical path . This abso rbance  is symbol ized
1%b y A 1cm

For a so lu t ion  with more  than one a b s o r b i ng species , the absor-

bances a re additive.

The absorb ing  species of the corneal  ep ithe l ium have been iden-

t i f ied as the aromat ic  amino acids of pro te ins  and the bases of nucleic

acids . T he absorpt ion spectra shown in Fi g u r e  12 are  taken  to

rep resen t  the absorp tion spectra  fo r  all prote in arid nucle ic  acids  in

the ep ith el ium. The value s of A~~ ’~~ fo r th ese specie s a r e  p resented

in Table I .

The p ro te ins  and nucleic  acids may be localized in pa r t i c u l a r

reg ions of t h e epithelial cells . 1-lowever , fo r purposes  of calcula-

ting the absorbanc e of this layer on a mac roscop ic scale , the ep i the l ium

is assumed to be a homogeneous mixture of protein and nucleic acid.

The absorbanc e of the laye r is thus :
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TABLE 11- 1

ABSORPTION OF THE CORNEA L E P I T H E L I U M

Waveleng th Solution Ab sorbances  Ep it he l ial Absorp t ion

(nm) (A~ ( A ) ~~’° 
p +A~ _ 1og 1~ /I 

___________

22 0 42 76 3 , 38 9 9 . 9 6

225 31 66 2 . 52 99. 7

230 26 58 2 . 12 99. 2

235 18 59 1. 53 97 , 1

240 10 63 . 939 88. 5

245 7.0 77 .756 82.5

250 4.5 94 .620 76.0

255 4.0 111 .636 76.9

260 4.3 108 .647 77.5

265 4. 7 97 . 644 77 . 3

270 5. 3 79 .635 76.8

275 6. 3 58 , 647 77.5

280 6.3 35 .578 73.6

285 4.7 25 .428 62.8

290 3. 2 13 . 279 47.4

295 1.8 8.0 .159 30.7

300 1 .3  4. 4 . 1 1 3  2 2 . 9
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A = A  + A  = €  b c  + €  b c  ( 1 -2 )p n p p n n

where the subscr ip ts p and n refe r to p ro te in  and nucle ic  acid respec-

tively and b is the thickness of the ep it h elium . The quant i t i es  reported

in the f i r s t  two columns of Table I are A~ and A 0 for  1% solut ions ,

1 cm in th ickness .  The thickness  of the ep i the l iur n will be taken as

SO jj, . The composition previousl y repor ted for  the ep i t h e l i u m  was

80% (b y wei g ht) water with 75% of the dry  mater ia l  being protein  and

3% being nucleic acid. The refore , the ep ithel ium is taken to be a

solution with 15”~ p rotein and 0. 6’~, nuc leic acid , The absorban ce

of thi s layer is thus :

A = A + A  = (A ) 1 x 15 x 5 ‘ IO ~~ + ( A ) 1 
x O . 6 x 5 ’p n p 1cm n lcm

(1-3)

= 0.075(A )
1 0  

+ 0. 003 (Ap 1cm n 1cm

The calculated absorbance is shown iii the th i rd  co lumn of Table I .

The pe rcen t  absorpt ion  is shown in the last column and p lo tted along

wi th the exp e r imental  absorpt ion spec t rum in Fi g u r e  15 .

I t is of in te res t  to calculate the f r ac t ion  of abso rbed  ene rgy

deposi ted with each absorbing species at  any g iven wavelen gth . The

f r a c t i o n  f 1 absorbed  b y the ~th species is , in genera l :

• f1 = -
~~

—
~~~

-— (1-4)

j J

where the s ummat ion is over  all abso rb in g species in the solution .
— The f r a c t i o n s  f and f for the protein  and nucleic  acid components

of the ep i thel ium are r epor t ed in Table 2 . The relat ive absorp tion

of the ~th component will then be the product  of the percen t  abso rp t ion

of the ep ithel iurn at any wavelength and the cor respond ing f rac t ion  f~
at tha t waveleng th. These products are l isted along with the i r
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TABLE 11-2

R E L A T I V E  ABSORPTIONS OF PROTEIN AND N U C L E I C

ACID COMPONENTS OF EPITHELIUM

Fractional . ..  •Wa velength Rela tive  Absorp t ions Re la t ive  TransmissionsAbs orb an ce s

(nm)  I x % A  f~ x %A I /f ~ x ‘~ A 1/ f 0 x ‘~A

220 .99 3 .067 93 ,3  6. 70 . 011 . 149

225 .922 .078 91 . 9  7.78 .011 .129

230 .918 .082 91 .1 8. 13 .011 .123

235 . 884 . 116 85 . 8 11 . 3 . 012 . 089

240 . 799 . 201 70 . 7 17 . 8 . 014 . 056

245 .694 .306 57.3 25 , 2 . 0 18 . 040

250 . 545 . 455 41 , 4 34 . 6 . 024 . 029

,
1uu~~ 255 .474 .526 36.5 40.4 .027 .025

260 .499 .501 38.7 38.8 .026 .026

265 . 548 .452 42 , 4 34,9  . 024 . 029

270 . 626 .374 48 . 1 28. 7 . 02 1 .035

27 5 . 731 . 269 56 . 7 20 . 8  . 0 18 . 048

280 .818 .182 60.2 13.4 .017 .075

285 .825  .175 51 . 8 11 . 0 . 019 .0 9 1

290 .860 .140 40.8 6.64 .025 .151

295 .849 .151 26.1 4.64 .038 .216

300 .881 . 119 20 . 2 2 . 73 . 050 . 367
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rec i p r o c a l s  in Ta ble 2 . The reci p rocals or “ r e l a t i v e  t r a n s m i s s i o n s ’

are  plotted in F i gure  16 , where  they a re  compared with the act ion

spec t rum for p ho tokera tit is .
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Il-H A1’PENI)IX 11

SOLUTIO N OF THE RAT E EQUATIONS FOR

E L E C T R O N I C  1:XC I TAT ION

The rate equations f o r  the popula t ions  of the three  level  system

sho wn in Fi gure  18 a r e  as fo l lows:

d S 0
(t )

dt = — C (  \ ) l~•••~()
( t )  1 k1~-

1
t) k I 1~ t )

d S 1
(t )

dt = C( ‘ ) I S0
( t )  - ) k

f 
4 k S 

1
( t )  (II— 1)

d T1
= k S ( t ) - k  1 ( t )• dt c 1  p 1

where the rate constants f o r  photodamage have been neg lected relative

to the rate constants for  t rans i t ions  between the three  levels . At any

g iven t ime, the sum of the three pop ulations will be related by:

S0 ( t ) + S 1
( t )  + T1

( t) = N ° ( 11-2)

whe re N° is the total number  of absorb ing  molecules  in the sys tem .

( 11-2) can be used to el iminate one of the var iab les  is chosen

in thi s case) f rom (II- 1) so that the system of rate equations reduces

to:

d S 1
(t )

dt = C(~~) I  [N 0- T1 ( t ) J  - fkf +k c + C p ) I } S 1
( t )

dT
1
(t) 

(11-3)

k S ( t ) - k  T (t)
dt c 1 p 1

This is a nonhomogeneous coupled pa ir  of l inear d i f fe ren t i a l  equations .
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The genera l  solution will be the sum of any par t icu la r  solut ion of the

nonhomogeneous equations plus the general  solution of the honioge-
• 18neous pair of eq uations

I f a square-wave pulse is assumed so that the i n tens i t y, E .

is a constant  during the period of irradiation (and zero o the rwise ) ,

the so luti on of (11-3) is simplified sinc e the coef f ic ien t s are now

tim e independent and a pair of cons tants m and n will suff ice as the

particula r solution . The solution of the homogeneous pair of equa-

tions is straightforward ’8 and the gene ral solution of ( 11-3) is found

to be:

x tS 1(t ) = c
1
e 1 + c

2
e 2 ~~~~~~~~

(11-4)
k k

T
1
(t) = c

1
e X 1t ( C )  + c e  N 2t ( 

~ ÷~ 
) + n

I p 2 p

f” where :

- (k + k +k + C( X )I) ± ~/ (k + k + k + C(X )J)
2 

- 4k C(X )I- 4k (k +k +C( ‘)I)
- 

p f c p f c  c p l c
1 ,2~~ 2

(11-5) 
- -

and c 1, c 2 , m and fl are constants which are determine d b y the

boundary  condition of the problem .

The initial c onditions are that S 1 ( t ) and T1 ( t) a re  equal to zero

a t t = 0 (all molecule s a re  in the groun d state be fo re  the i r r a d i a t i o n

com me nces) .  The final conditions which must  be s a t i s f i ed  a re  that

if the i rradiat ion continues for  a sufficiently long t ime (wi th  I c o n s t a n t )

a steady state will be reached with opoulations S~~ and f o r  ~he

and T1 state s respectively. The steady state popula t ions  are found

from (11-3) b y setting the time derivatives equal to zero , thus :

• C ( X ) I N ° - (:(~~ ) I T
1
0 

= [kf + kc + C ( X ) 1 J  S1
(11— 6)

k S
1
0 

= k T
1
0
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This yields:

- 0 C(\)IN°
n = 

C(X)I+ [k +k +C( \ )IJk 1kf C

( U -  7)

m = S
1
0

= ~~ T~

1he constants c and c 2 are then fo und by subs t i tu t ing  ( 11-7) into

(11-4) a t t = 0 . The result s ar e

T 0 ( X  + k ) ( \  + 2k
— 

1 1 p 2 p
k ( X + ‘)c 1 2 

(11-8)
k

0c2 = 
~~~~~~~ 

T
1 

- c
1

In the limit of neg lig ible popula tion inversion of S 1 and T1 with

f” ’ respe ct to S~~, C ( X  )I is neg lec ted relative to k1, k~ and k~~. The

proper t ies  of the molecules unde r considerat ion are such that

may be ne glecte d relative to k f and k~ . W ith these sirnpii f ica t ions

(1 1-5) reduces to:

~ 1 p
(11-9)

~2
’
~ 

( k
1

+ k )

and th e po pu la tions become :

S
1
(t)~~ s1

0 
~ 

i -e

(II- 10)

T
1
(t) T

1
° I - e ~~~ j

where :
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k~~~ ( X ) l N 0

I k ( k  -i- k
p I c

(II— 11 )

S 1
0
~~ ~~~~

Thus , S 1 (t )  app roaches its stead y stat e value with a t ime constant

k + k  and T1( t )  approaches s t ead y s tate  with a tim e cons tant
f c p

The total number of molecular  lesions formed d i rec tly  f rom the

S 1 and T1 sta tes will be proport ional  to the integral s of (II- 10) over

time:

[s 1( t ) d t  $ s ~° [ 1  - e 
-(kf + kc ) t

}dt

= s 1
0 T + k ÷

1
k
_ 

{e f
+k c)T -

f c 
(11-12)

T
1
(t) dt~~ ST 1° ~i -e ~

k t
Idt

T°
= T

1
O

T + _ ~ _ 
Ic  

k~ T 
~~

If the pulse winth, - -
, is lon g with respect to 1 

, the

integral  for S1 ( t )  r ed uces to S 1°~ so tha t th e numbe r of le:ions f or med

direct l y f rom the S 1 state is g iven b y the expression:

C ( \ ) I N 0T 
II 13k + k  ~f c

If ‘r is a lso  long with respect  to -j~
-- , the second integ ral of ( 11-12 )

f’,, 
re duces to:
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0k C( >~) I N T

k ( k  +k  ) (11-14)
p f c

which is proportional to the number  of lesions formed f rom the T1
state.

For the cases whe re photodamag e occurs  afte r absorp tion of

a second photon the number of molecular lesions fo rmed  will be

proportional to the integ rals:

(t) dt

(II- 15)

( X )  IT 1(t)  dt

which in the limits where (II- 13) and (11- 14) are valid reduce to:

C ( \ ) C ( \ ) 1 2 N °T

k + kf c

and ( 11- 16)

k C t ( X )  C ( X )  1
2 N° T

k (k +k
p f c

for two photon processes with S
1 
and T

1 
respect ivel y as the intermediate

states ,
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